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The Department of Energy's Office of Power Technologies' Hydrogen Program conducts R&D and technology validations for
the development of safe, cost-effective hydrogen energy technologies that support and foster the transition to a hydrogen
economy. In order to enable a future that includes hydrogen energy, the DOE Hydrogen Program supports a strong core
RD&D effort, including near-, mid-, and long-term strategies.

Today, fossil fuels, particularly natural gas, serve as the primary feedstock for the production of hydrogen. Improvements in
these technologies are expected to reduce the cost of hydrogen, improving the economics of widespread hydrogen use,
particularly in the transportation sector. Soon, hydrogen could be produced from the thermal processing of biomass,
providing hydrogen at competitive prices from a renewable resources. In the future, hydrogen will be produced directly from
sunlight and water by biological organisms or by using semiconductor-based systems similar to photovoltaics (PV). These
renewable-based production technologies have the potential to produce essentially unlimited quantities of hydrogen in a
sustainable manner.

Storage of hydrogen is an important area for research, particularly when considering transportation as a major user, and the
need for efficient energy storage for intermittent renewable power systems. Although compressed gas and liquid hydrogen
storage systems have been used in vehicle demonstrations worldwide, the issues of safety, capacity, and energy consumption
have resulted in a broadening of the storage possibilities to include metal hydrides and carbon nanostructures. Stationary
storage systems that are high efficiency with quick response times will be important for incorporating large amounts of
intermittent PV and wind into the grid as base load power.

In addition to the extensive fuel cell development programs in other offices within DOE, the Hydrogen Program conducts
fuel cell research focused on development of inexpensive, membrane electrode assemblies, and the development of reversible
fuel cells for stationary applications. The Program also supports research in the development of hydrogen/methane blends and
hydrogen-fueled internal combustion engines and generator sets.

There is a critical need for federal support of advanced technology and sustainable system options where the potential
national benefit is large. The Federal government uses system analyses and industry willingness to participate in joint
ventures to determine areas of pre-competitive research and development. This includes component testing and systems
integration to validate concepts.

The Hydrogen Program supports technology validation projects to integrate components of novel and advanced technology
into test-bed energy systems to evaluate their potential. Parallel development of advanced fossil-based and renewable-based
production systems, as well as current and advanced storage and utilization technologies, will provide critical experience to
industry for the introduction of these technologies into the marketplace.

A large hurdle to expanded use of hydrogen is public perception. Widespread hydrogen use represents an extraordinary
educational challenge, as well as the absolute requirement that safety be intrinsic to all processes and systems. The
development of reliable, low-cost hydrogen sensors is an important aspect of the Program, as is the development of codes and
standards for the safe use of hydrogen.

This document contains technical progress reports on 60 research and technology validation projects funded by the DOE
Hydrogen Program in Fiscal Year 1999, in support of its mission to make hydrogen a cost-effective energy carrier for utility,
building, and transportation applications. Each year, the Program conducts a rigorous review of its portfolio of projects,
utilizing teams of experts to provide vital feedback on the progress of research. These proceedings serve as an important
technology reference for the DOE Hydrogen Program.

Catherine E. Gregoire Padró
Hydrogen Program Manager

National Renewable Energy Laboratory
Golden, Colorado

NREL/CP-570-26938
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SUSTAINABLE BIOREACTOR SYSTEMS FOR HYDROGEN PRODUCTION

Richard Rocheleau, Scott Turn, Yasuyuki Nemoto,
Oskar Zaborsky and JoAnn Radway

Hawaii Natural Energy Institute,
School of Ocean and Earth Science and Technology,

University of Hawaii at Manoa
Honolulu, HI 96822

Abstract

The overall goal of Hawaii’s BioHydrogen Program is to generate hydrogen from water using
solar energy and microalgae under sustainable conditions. Our process for hydrogen production
(Hawaii Process) consists of two stages. Stage 1 is the growth of the microalgae; Stage 2 is the
production of hydrogen. Since the cells are easily concentrated by screening, we are using
filamentous cyanobacteria of the genus Arthrospira (Spirulina).

Since we examined the characteristics of a bioreactor system for stage 1 last year, this year we
studied the activity of hydrogen production in the isolates of Arthrospira. It was found that the
cells produce hydrogen under anaerobic (100% nitrogen) and dark conditions. This suggests that
the hydrogen production is due to reversible hydrogenase. The activity of hydrogen production
was ca. 1 µmole hydrogen/12 hr/mg dry weight.

Next year, we will combine the data on both stages and evaluate the whole process for its
sustainability.



Introduction

Over the past 25 years, advances have been made in the elucidation of the complex
physiological, biological, and genetic processes underlying the hydrogen evolution capabilities
of microalgae and bacteria. In the area of engineering research and system integration, however,
little progress has been made. In fact, no hydrogen-evolving process that showed promise has
been demonstrated in the field for any length of time let alone commercialized.

In this regard, the most important is the sustainability of the whole process. We are aiming at
building a bioreactor system for hydrogen production that can be operated in a sustainable
manner.

Objective

The objective of the work of this year is to examine the hydrogen production activity of
Arthrospira strains. Also, we made a web page for Hawaiian Culture Collection in this year.

Approach

Our approach for a sustainable bioreactor system is based on a two-stage process that uses but
one single organism for producing hydrogen gas. Stage 1 is the growth of the microbe: stage 2 is
the generation of the hydrogen gas. The overall process entails several steps; (1) the growth of
cyanobacteria in open bioreactors to accumulate carbohydrates using solar energy; (2) the
concentration of the algal biomass followed by the anaerobic adaptation in the dark to turn on the
biochemical machinery that is able to produce hydrogen; (3) the generation of hydrogen from the
stored carbohydrates in the adapted cyanobacteria with solar energy (the second light-dependent
step); and (4) the recycling of the carbohydrate-depleted algae to the initial growth bioreactors.

Technical Goals

The goal of this study is to make a sustainable bioreactor for hydrogen production based on the
2-stage process described above. Sustainability is the key point here, and a long-term efficiency
should be considered.

Then, we will develop an economically feasible bioreactor for hydrogen production. To do so, it
is necessary to use natural seawater with minimum supplements and run the reactor under natural
conditions.



Major Barriers to Meeting Technical Goals

The overall energy consumption for running the bioreactor should be as low as possible. So, we
have to examine how much energy is consumed in circulating and maintaining the culture in the
tubular bioreactor, harvesting the cells from the bioreactor for the hydrogen production in Step 2,
and getting hydrogen gas from the Step 2 culture, and so on.

Past Results

In year 1, we completed the fabrication of a tubular photobioreactor system, and evaluated
effects of process operating parameters such as biomass density, recycling time, nighttime
oxygen deprivation. It was found that the tubular photobioreactor is working well for the growth
of the microbe at the Stage 1 of the process.

Current Year Accomplishments and Status

This year, we isolated several strains of Hawaiian Arthrospira, and investigated dark H2

production by them. It was found that isolate C has the highest activity.

Then, we examined the activity of hydrogen production in isolate C in more detail. To do so, the
cells of Arthrospira isolate C were grown in complete Zarrouk’s medium (Hi N; ca. 400 mg/l
NO3-N) and low-N Zarrouk’s medium (Lo N; ca. 5 mg/l NO3-N). They were harvested by
screening, and then washed and resuspended in N-free Zarrouk’s medium. Density of the cell
concentrates were ca. 1.5 mg/ml. Reaction flasks contained 1.9 ml of the cell suspension, and
were flushed with N2. The cell suspensions were preincubated for 2 hr under dark conditions at
32oC at 100 rpm shaking. After 3 hr of incubation, some of the flasks (MV/DT) received reduced
methyl viologen (1 mM methyl viologen plus 5 mM sodium dithionite at final conc.), while
others received an equal amount of N-free medium.

In either condition, the cells showed a similar activity of hydrogen production (Fig. 1), which is
ca. 1 µmole H2/12 hr/mg cell dry weight. This value is similar to the data by Aoyama et al.
(1997) with Spirulina platensis.

As for the culture collection, we continued to maintain and distribute them as well as established
on-line database on the collection at http://www.hawaii.edu/hicc/.

Plans for Future Work

In the next year, we will combine the results of the past two years to make a sustainable



bioreactor systems for hydrogen production, and evaluate the efficiency of the whole process of
hydrogen production.
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Figures

Fig.1 Dark Hydrogen Production by Arthrospira Isolate C. Hi N, cells cultured in complete
Zarrouk’s medium (ca. 400 mg/l NO3-N; Lo N, cells cultured in low-N Zarrouk’s
medium (ca. 5 mg/l NO3-N). MV/DT, cells given reduced methyl viologen (1 mM methyl
viologen and 5 mM sodium dithionite).





DEVELOPMENT OF AN EFFICIENT ALGAL H2-PRODUCTION SYSTEM

Maria L. Ghirardi, Timothy Flynn, Marc Forestier and Michael Seibert
National Renewable Energy Laboratory

Golden, CO 80401

Abstract

The direct photoevolution of H2 from water by green algae is a transient phenomenon, due to the rapid
inactivation of the reversible hydrogenase (the enzyme catalyzing the reduction of protons to H2) by O2,
a by-product of photosynthesis.  Moreover, the expression of the algal H2 production activity requires
prolonged anaerobic treatment of the cells in order to induce the enzyme.  We are addressing the O2-
sensitivity problem of algal hydrogenase by means of both classical genetics and molecular biology
approaches.  The ultimate goal of our research is to generate a Chlamydomonas reinhardtii mutant that
is sufficiently tolerant to O2 to produce H2 under aerobic conditions.  The availability of such mutant will
permit the development of a commercial photobiological H2-production system that is cost effective,
renewable, scalable and non-polluting.

The classical mutagenesis/selection approach that we have developed to obtain such a desirable mutant
takes advantage of the reversible activity of the algal hydrogenase.  We have designed two selective
pressures that require mutagenized algal cells to survive by either metabolizing (photoreductive selective
pressure) or evolving (H2-evolution selective pressure) H2 in the presence of O2 concentrations that
inactivate the wild-type (WT) enzyme.  Given the generally low specificity of the two selective pressures,
the surviving organisms are subsequently subjected to a positive screen using a chemochromic sensor that
detects H2 evolved by the algae.  Clones that are found to exhibit high H2-evolution activity in the presence
of O2 are characterized in more detail using biochemical assays.  The strategy currently employed consists
of re-mutagenizing, re-selecting and re-screening first generation mutants under higher selective stringency
in order to accumulate single-point mutations, and thus, to further increase the O2 tolerance of the
organism.



Results for the past year include further optimization of the two selective pressures; the adoption of a new
assay for characterizing the O2 tolerance of selected clones; the isolation of a clone, 104G5 with 14 times
higher tolerance to O2 than the WT (obtained by the application of one round of photoreductive selective
pressure); and the isolation  of first and second generation mutants with, respectively, 3-4 and 10 times
higher tolerance to O2 than the WT (by application of two rounds of the H2-evolution selective pressure).

In order to enhance our probability of ultimately obtaining a commercially-viable organism, we have also
been pursuing a molecular biology approach, which is synergistic with the classical genetic strategy
described above.  We intend to (a) clone the hydrogenase gene and use site-directed mutagenesis (based
on information gathered from mutations generated by the classical approach that affect the O2 tolerance
of the hydrogenase) to further increase the O2 tolerance of the enzyme and (b) identify other proteins
whose presence may be require for optimal algal H2 evolution.   Two techniques are currently being used
to achieve these goals, mainly RT-PCR (which allows the amplification of a specific DNA sequence out
of a population of isolated mRNA) and the construction of a subtractive library, which will contain mRNAs
representing proteins that are expressed only upon anaerobic induction of the cells.  This is on-going work,
and current year advances consisted of the production of the subtracted DNA from induced minus
uninduced cells corresponding to 1 and 4 h of anaerobic treatment.

Preliminary results with the University of California, Berkeley on the development of a two-phase algal H2-
production system will not be presented here, but have suggested the scientific feasibility of employing
indirect biophotolysis to develop a commercial algal H2-production system as a mid-term solution until an
O2-tolerant organism becomes available.

Introduction

Green algae such as Chlamydomonas reinhardtii can photoproduce H2 from water in a reaction catalyzed
by the reversible hydrogenase enzyme (Gaffron and Rubin 1942).  In the light, electrons released by the
oxidation of water molecules are transferred through photosystems II and I to the low redox potential
carrier ferredoxin.  Normally, reduced ferredoxin supplies electrons to the CO2 fixation pathway.  However,
following an anaerobic treatment in the dark, algal cells induce the reversible hydrogenase (Ghirardi et al
1997b), an enzyme that can combine photosynthetically-generated electrons and protons to generate H2

gas.  The hydrogenase pathway competes with CO2 fixation for electrons from reduced ferredoxin.  This
competition is short-lived, though, due to the prompt deactivation of hydrogenase by O2 that is
concomitantly released by photosynthetic water oxidation (Schulz 1996).  The O2-sensitivity trait of the
hydrogenase has precluded the use of green algae in a direct biophotolysis H2-production system
(Benemann 1996).

The occurrence of reversible hydrogenase enzymes is not restricted to algae.  They are present in many
anaerobic microorganisms, in photosynthetic bacteria, and in cyanobacteria (Adams 1990, Wu and
Mandrand 1993, Albracht 1994). The physiological roles and biochemical characteristics of these
hydrogenases are variable.  However, in all instances the enzyme is ultimately inactivated by O2.  However,



mutant organisms containing hydrogenases that are able to operate at higher O2 concentrations have been
described (Gogotov 1986, McTavish et al. 1995, Weaver et al. 1999), suggesting that the enzyme is
amenable to manipulations that may affect its O2 tolerance.   These observations led us to investigate
several approaches to generate and isolate C. reinhardtii mutants that can produce H2 in the presence of
O2. 

We originally proposed to use random mutagenesis, followed by employing selective pressures under
gradually increasing O2 concentrations, to isolate the desired phenotype.  Two selective pressures were
designed (Ghirardi et al. 1996, 1997, 1997b), based on the reversible activity of the algal hydrogenase, e.g.
H2-production and H2-uptake.  Under H2-production selective pressure, algal cells are required to survive
a short treatment with metronidazole (MZ), a drug that competes with the hydrogenase for electrons from
photosynthetically-reduced ferredoxin.  Reduced MZ generates a radical that, in the presence of O2,
produces superoxide radicals and H2O2, both of which are toxic to the algae.  The selective pressure is
applied in the presence of O2 levels that are known to deactivate the WT hydrogenases.  In organisms that
have a hydrogenase that is active following exposure to O2, some of the electrons from reduced ferredoxin
can be used for H2 production instead of MZ reduction and decreased toxicity can be observed (Ghirardi
et al. 1996, 1997, 1997b).  Similarly, the photoreductive pressure requires the algal cells to survive in an
atmosphere of CO2, H2, and controlled concentrations of O2, in the presence of the herbicides 3-(3,4-
dichlorophenyl)-1,1-dimethyl urea (DCMU) and atrazine.  These herbicides block photosynthetic O2

evolution and electron flow on the reducing side of photosystem II and prevent electrons from water from
reaching the hydrogenase enzyme.  The surviving organisms grow by fixing CO2 with electrons obtained
from the oxidation of H2, catalyzed by an O2-tolerant hydrogenase, and ATP generated by cyclic electron
transport around photosystem I (Ghirardi et al. 1997, Flynn et al. submitted).

However, it quickly became apparent that the selective pressures were not specific enough and yielded a
mixed population of survivors.  A chemochromic sensor was then developed in collaboration with D.
Benson, NREL, to allow us to quickly screen the survivors of the selective pressures for H2-producing
clones.  The screening was based on the ability of a multilayer, thin film device containing WO3 and Pd to
change color (from transparent to blue) upon exposure to nanomoles of H2.  The usefulness of the film in
detecting H2 evolved by algal colonies on agar plates was demonstrated previously (Ghirardi et al. 1998;
Seibert et al. 1998; Flynn et al., submitted).  We will discuss a procedure that was developed to detect H2

production by O2-tolerant algal mutants using the chemochromic sensor, and present evidence that the
combination of mutagenesis, selection and screening steps successfully results in the isolation of clones
with increased tolerance to O2. 

The use of random mutagenesis to generate C. reinhardtii mutants, followed by selection for the desired
phenotype has been successfully used in biochemical research for many years.  This technique is employed
when the gene that encodes a particular protein has not been cloned, precluding the use of site-directed
mutagenesis.  The algal hydrogenase has been isolated to purity by Happe and Naber (1993), who also
sequenced 24 amino acid residues from the N-terminal portion of the enzyme.  However, the DNA
sequence of the gene encoding the hydrogenase enzyme in C. reinhardtii has not been determined, and
site-directed mutagenesis is not possible at present.  We have explored two techniques to clone the algal
hydrogenase gene.  The first one, RT-PCR (reverse transcriptase polymerase chain reaction) represents a
short-cut approach that, if successful, could be accomplished in a relatively short period of time.  The
second technique, subtractive hybridization, is a longer-term approach, and relies on the assumption that



the hydrogenase is transcriptionally regulated, as are the majority of the photosynthetic genes in C.
reinhardtii.   Progress on both techniques will be reported.

Materials and Methods

Cell Growth

Wild-type (WT) C. reinhardtii (137c+) was a gift from Prof. S. Dutcher, University of Colorado, Boulder.
 Algal cells were grown photoautotrophically in basal salts (BS), a modification of Sueoka's high salt
medium (Harris 1989) that includes citrate to prevent salt precipitation.  This formulation contains the
following salts: 10 mM NH4Cl, 1 mM MgSO4, 7.5 mM KH2PO4, 7.5 mM K2HPO4, 1.5 mM Na3-citrate, 0.5
mM CaCl2, 20 µM FeCl3, and 1/2 x Hutner's trace elements.  This medium can be solidified with 1.5% w/v
agar and amended with 0.5 g/l yeast extract (Difco) for plates, and may be supplemented with 10 mM
sodium acetate depending on the experiment.   Liquid cultures were grown under continuous cool white
fluorescent lamp illumination (70 µE@m-2@s-1 PAR) at  25EC and agitated on a shaker.  Cells were harvested
by centrifugation at 2000 x g for 10 min and resuspended in liquid BS medium.

Mutagenesis

Mid-log phase cultures were harvested and resuspended in liquid BS to yield a 10 ml suspension of  7x106

cells/ml.  Ethylmethane sulfonate (EMS) was added to a final concentration of  5 µl/ml (46 mM), and the
cells were incubated with gentle agitation for various periods of time.  At the end of the incubation period
the cells were washed and resuspended in 50 ml of the same medium lacking EMS.   For the 5-bromouracil
(5BU) mutagenesis, 550 ml of liquid BS medium were inoculated with 20 ml of mid log phase culture to
give an initial cell density of 4.9 x 104 cells/ml.  The culture was grown overnight under fluorescent
illumination (70 FE@ m-2@@@@ s-1) and then sparged with 2% CO2 (50 ml/min).  A filter-sterilized stock solution
of 5-bromouracil (dissolved in BS) was then added to the culture to a final concentration of 1 mM.  The
culture was incubated under the same conditions for another 48 h, at which point the cells were harvested,
washed,  and resuspended in 50 ml of BS medium.  Liquid cultures from either the EMS or 5BU
mutagenesis were grown in the light as above for at least 7 days before being submitted to the selective
pressures.

Photoreductive Selection (PR) Procedure

Liquid cultures of mutagenized algal cells (250 ml, 2.8 x 105 cells/ml) in BS were treated with 15 FM each
of DCMU and atrazine, and the flasks were placed in anaerobic jars.  The gas phase contained 16.5% H2,
2% CO2, 5-20% O2, balanced with Ar.  The cultures were grown for a couple of weeks with stirring and
illuminated with fluorescent light (70 µE@m-2 @s-1 PAR).  At the end of the selection period, the cells were
washed with BS medium and revived in liquid BS medium plus 10 mM sodium acetate. 

H2-Production Selection (MZ) Procedure

A suspension of anaerobically-induced algal cells was mixed with an anaerobic MZ-Na azide solution to



final concentrations of 40 mM MZ and 1 mM sodium azide at 2.8 x 106 cells/ml.  While maintaining
darkness, O2 was added to 5% in the gas phase, and the mixtures were shaken vigorously for 4 min. 
Immediately following the O2 treatment, the cultures were exposed for 6 min to light (320 µE@m-2@h-1 PAR)
filtered through a solution of 1% CuSO4 with mixing.  At the end of the selection period, the cells were
washed with BS medium and either resuspended in the same medium or plated for cell counting.

Chemochromic screening

Individual colonies surviving mutagenesis and selection were transferred to square petri dishes that can
easily accommodate an 8 x 8 colony matrix and a square chemochromic sensor.  Following a 7-14 day
growth period, the agar plates were made anaerobic overnight to induce the algal hydrogenase and then
preexposed to 21% O2 for different periods of time in the dark to deactivate the WT phenotype. The plates
were immediately transferred to an anaerobic glove box, the sensor applied, and the colonies were
illuminated for 3 minutes to photoevolve H2.  At the end of the illumination period, the sensors were
analyzed for the location of blue dots, corresponding to the algal colonies that still evolved H2 following
the O2 pretreatment.  The identified clones were then transferred from the original plate to liquid BS + 10
mM acetate, and were cultivated for further characterization. 

H2-Evolution Assay

Mid-log phase algal cultures were harvested and resuspended in 20 ml phosphate buffer (Ghirardi et al.
1997b), supplemented with 15 mM glucose and 0.5% v/v ethanol, and were then made anaerobic with Ar
bubbling.  Concurrently, 2 ml of an enzymatic O2-scrubbing system (Packer and Cullingford 1978) that
consisted of 1mg/ml glucose oxidase and 27,720 units/ml catalase was dispensed into dialysis tubing (6-8
kD MW cutoff) and made anaerobic as above.  The dialysis bags were added to the cell suspensions and
the vials were sealed, covered with aluminum foil, and incubated at room temperature for 4 h.  Following
this induction treatment, the cell suspensions were kept at 4 EC overnight.  The assay reaction consisted
of exposing the cells to various levels of O2 for two minutes, reestablishing anaerobiosis, and adding
reduced methyl viologen to serve as the electron donor to the hydrogenase. The reaction mixtures were
incubated in the dark for 15 minutes at 30EC in a shaking water bath, and the reaction was stopped by
adding trichloroacetic acid.  The presence of H2 was detected by gas chromatography. 

Results and Discussion

Classical Mutagenesis

Random mutagenesis of WT C. reinhardtii cells was done with either ethylmethane sulfonate (EMS) or
5-bromouracil (5BU), in order to generate different types of mutants.  EMS alkylates adenine and guanine
and gives rise to tautomeric shifts, allowing adenine to pair with cytosine and guanine to pair with thymine
(Klug and Cummings 1983).  As a result, A-TøG-C transition mutations are created.  Bromouracil is an
analog of thymine that, instead of pairing with adenine, pairs with guanine, causing A-TøG-C transition
mutations (Klug and Cummings 1983).   The frequency of mutants among survivors increases with
mutagen dose, but so does the damage to the genetic background (Bos 1987).  Therefore, killing rates of



less than 60% were chosen to minimize damage to the remainder of the genome, at the expenses of high
mutation frequency.  The problem of decreased mutant frequencies among the survivors is normally solved
by employing effective selection procedures.

Populations of algal cells treated with either of the two mutagens for different periods of time were then
submitted to either the PR or the MZ selective pressure, in the presence of controlled  amounts of O2. 
Figure 1 summarizes the fate of each mutagenized population. Cells mutagenized with EMS

Figure 1. Treatment history of the various strains.

were initially submitted to the PR selective pressure in the presence of 5% O2.  The survivors from this
selective pressure, populations PR8, PR9, and PR10 were grown for 7-14 days, plated, and
chemochromically screened following deactivation with atmospheric levels of O2 for 2 min.  Clones that
produced the best signal during the screening procedure were characterized in a more detailed manner,
using a polarographic method for determination of O2 tolerance.  None of the selected clones had a
significant increase in O2 tolerance, although the 24g1 mutant and others showed up to 4 times higher rates
of H2 evolution, compared to the WT control (Ghirardi et al. 1998).  The lack of improvement in O2-
tolerance in this first round of mutants forced us to re-assess the PR selection protocol.  We determined
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that the initial O2 concentration of 5% O2 set in the anaerobic jar was significantly decreased by cellular
respiration of the cultures during the application of the selective pressure.  This problem was solved in
subsequent experiments by replacing the gas mixture daily until the culture became chlorotic, indicating
that the majority of the cells were dead. 

The PR8, PR9 and PR10 populations, which contained mutants with higher rates of H2 evolution (see
above),  were subsequently submitted to the MZ selective pressure following deactivation by 5% O2.  The
surviving populations (less than 3% of the initial cell density), MZ12, MZ13 and MZ14, were resuspended
in liquid medium and plated to yield single colonies.  Two hundred and forty clones from each of the three
populations were screened as above, and selected clones were further assayed to determine their O2

tolerance relative to WT cells. 

In addition, one population of WT cells was mutagenized with 5-bromouracil (see Fig. 1, right), which was
done by adding the mutagen to actively dividing cells for a total incubation time of 2 days.  This long
exposure may have allowed more than a single mutation to occur.  The resulting population was submitted
to the PR selection in the presence of 20% O2.  Gases were exchanged in the anaerobic jar on a daily basis.
The survivors from this PR selection were screened, and the best clones were also assayed for O2 tolerance.

In the past, measurement of the O2 tolerance of the clones had been done by determining an O2 I50 for H2

evolution, that is, the concentration of O2 added to the gas phase that inhibited the rate of algal H2 evolution
by half of the value measured in the absence of added O2 (Ghirardi et al. 1996, 1997, 1997b, 1998; Seibert
et al. 1998).  Rates of H2 evolution were measured polarographically with a Clark-type electrode, poised
for the detection of H2.  Anaerobically-induced algal cells, resuspended in the presence of an O2-scrubbing
system (to insure maintenance of anaerobiosis) were treated with O2 in the dark for 2 min and illuminated.
 The rate of H2 produced during the first 5 min of illumination was used to calculate an initial rate of H2

evolution by the algal cells.  There was a major problem with this procedure.  The presence of the O2-
scrubbing enzymatic system in the cell suspension was very effective in keeping the culture anaerobic by
quickly consuming the O2 added to the gas phase during the dark inactivation of the enzyme, resulting in
variable concentrations of O2 throughout that period.  Thus, the O2 I50s previously obtained, may have been
overestimated.  In order to eliminate this problem, a new assay procedure to estimate O2 tolerance of
selected clones was adopted and optimized.  The new procedure involved physically separating the algal
cell suspension from the O2-scrubbing enzymatic system during the dark anaerobic incubation period, and
then transferring only the cells to a separate vial where O2 deactivation and H2-evolution activity
measurements were done (see Materials and Methods section).  To deactivate WT hydrogenases, a
controlled amount of O2 was added to the anaerobic cell suspension in the sealed vial and incubated under
vigorous mixing for 2 min.  Anaerobic conditions were then rapidly re-established, and methyl viologen
(reduced by addition of sodium dithionite) was added to serve as the electron donor to the hydrogenase.
 The mixture was incubated in the dark for 15 min at 30EC, and the reaction was stopped by the addition
of trichloroacetic acid.  The amount of H2 produced was then detected by gas chromatography.

Table 1 summarizes the characteristics of the indicated selected clones from each experiment.  The
survivors derived from the MZ13 selection showed the best response to the chemochromic screening



Table 1.  Characteristics of selected strains.

Original population Strain Vo (µmoles H2/(mg Chl x h) % of V0 O2 I50

WT - 39 0.26 0.22

MZ12 72C1 81 14 -

76D4 78 18 0.82

76H3 72 35 0.96

74A4 64 15 -

75G8 50 26 -

75G1 82 17 -

75D4 88 18 -

75H3 67 27 -

MZ13

75G3 73 29 -

MZ14 78C8 64 9 -

PR21 104G5 82 59 2.8

76D4 141F2
(2nd MZ

treatment)

88 42 2.0

(possibly because better mutants had been generated by the EMS mutagenesis step), and thus contributed
the most clones to the assay. The parameters used to initially characterize the O2 tolerance of the mutants
included the maximum rate of H2 evolution measured without any exposure to O2 (V0) and the amount of
H2-evolution activity remaining after an exposure to 2% O2 for 2 min (% of V0).   The % of V0 parameter
was used to roughly compare the relative O2-tolerance of the mutant clones to the WT strain.  Four strains
were more fully characterized by titrating the H2-evolution activity following deactivation of the enzyme
with increasing levels of O2 for 2 min.  The O2 I50 was then estimated by fitting the data to a single
exponential decay function.  Figure 2 shows O2 titration curves for, respectively, WT, 76D4 and 104G5
clones.  The estimated O2 I50s are shown in Table 1.



Figure 2. O2 titration of the rates of H2 evolution by selected clones

Further inspection of Table 1 reveals that all of the mutants identified by the screening assay were improved
with respect to V0 and O2-tolerance, compared to their parental WT strain.  The V0s were increased in all
of the mutants, with a 2.3-fold increase observed in clone 75D4.  The O2 I50s were increased by 3.7-4.4-fold
in clones 76D4 and 76H3.  The least improved mutant, 78C8 had only a 9% increase in O2-tolerance
compared to the WT strain, which may represent the minimum phenotype for surviving the conditions
used in this H2-evolving selection experiment.   The 76D4 clone was remutagenized with EMS (61%
survival), reselected using a second MZ procedure with a selective pressure of 40% O2 in the dark for 5 min,
and finally screened, following deactivation with 100% O2 for 5 min.  Table 1 shows that one of the
resulting clones, 141F2 had over a 2-fold increase in I50 compared to its parent (76D4) and almost a 10-fold
improvement compared to the grandparent WT strain.  The 104G5 clone was our best isolate, and had an
O2 I50 about 14 times higher than the WT strain.  It is important to point out that this strain was isolated after
a single photoreductive selection, and verifies that the modification of the PR procedure have been
successful.

Given the range of increased O2-tolerance measured with the different clones in Table 1, one could argue
that there is more than one genotype that gives rise to the O2-tolerant phenotype.  The following three
obvious possibilities exist: (a) different amino acid substitutions at a single critical residue, (b) random
substitutions distributed throughout the O2-sensitive domain, or (c) mutations on genes other than the
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hydrogenase, causing a decrease in intracellular O2 concentration, such as through increased rates of
respiration or decrease cell membrane permeability to atmospheric O2.  It is noteworthy mentioning that
two rounds of mutagenesis/selection/screening yielded an organism with increasingly higher O2 tolerance,
supporting either of the last two possibilities discussed above.

Molecular Biology

RT-PCR
The N-terminal portion of algal hydrogenase sequenced by Happe and Naber (1993) does not show
homology to other hydrogenases nor to any proteins in the available databases.  However, using the known
C. reinhardtii genome bias towards GC (Rochaix 1995), we designed 2 degenerate nested DNA primers
and used them in two subsequent rounds to amplify mRNA isolated from algal cells that had been induced
for at least 1h, using the 5' RACE (Rapid Amplification of cDNA Ends) technique.  Figure 3 shows the
strategy used to specifically amplify the algal hydrogenase.  The first

Figure 3.  Strategy for RT-PCR amplification of the algal reversible hydrogenase

Technique: “rapid amplification of cDNA ends” (RACE)

Eukaryotic mRNA: AAAA 3’5’

AAPAA….KPKD
signal
sequence

Strategy: a) synthesis of cDNA, addition of poly dG tail

AAAA 3’5’

B

A

TTTTGGGG 5’3’

 b) PCR amplification of cDNA using primers B and dC10

AAAA 3’5’
TTTTGGGG 5’3’

B

dC10

 c) 2nd round of PCR using primers A and dC10 (nested PCR)

GGGG
CCCC

A

dC10

 d) gel-purify, clone into E.coli, isolate plasmid, sequence the insert



amplification (using the B primer) yielded a product about 350 bp long, which was not obtained upon
amplification of mRNA extracted from uninduced algal cells (Ghirardi et al. 1999). This band was subjected
to a second round of amplification (using the A primer), resulting in another 300-350 bp long band.  The
second product was cut from the gel and is presently being cloned into E. coli for further amplification and
sequencing. 

Subtractive Hybridization
Subtractive hybrization is one of the techniques available for the identification of genes that are only
expressed under anaerobic treatment of algal cells (Kozian and Kirschbaum 1999).  Figure 4

Figure 4.  Construction of a subtractive expression library

summarizes the steps involved for obtaining the subtracted mRNA, and in the subsequent construction of
a subractive expression library in E. coli.  We extracted, on the average, 40 µg of total RNA per each 100
µg Chl of induced or non-induced algal cells.   The respective mRNA samples were purified by means of
an oligo dT cellulose column with an average yield of 1.4% of the total RNA.  The photobiotinylation of
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the non-induced mRNA resulted in the binding of 6-15 molecules of biotin per nucleotide, and the reverse
transcription of the induced mRNA into cDNA (using the Not I poly dT primer) had a yield of about 30%.
 The subtractive hybridization was done with the Invitrogen Subtractor7 kit, with modifications, and
yielded 15% of the initial induced cDNA.  There were no significant difference in yield between 1-h and
4-h induced samples.  In order to clone the subracted cDNA, we initially added a poly dG tail to it and used
the reverse transcriptase-catalyzed reaction to synthesize a second strand (Land et al. 1981), using an Eco
RI dC primer.  The double-stranded subtracted cDNA is presently ready to be digested with Eco RI and
Not I restriction enzymes, and inserted into the λgt11 expression vector; the vector will be used to
subsequently infect E. coli.  Identification of the subtracted cDNA species will be done by probing with
the hydrogenase antibody (generated in collaboration with Professor Melis last year) and sequencing of
clones for homology with known algal proteins.

At this point it is not possible to opt for only one of the above-described technique to clone the algal
hydrogenase.  They both have advantages and disadvantages.  RT-PCR is the technique of choice if one
is able to design primers that are specific for the hydrogenase.  The design of primers that we are using was
based on the published N-terminal sequence of the hydrogenase, assuming that the sequence is correct.
 In the past, we were not successful in specifically amplifying the algal hydrogenase, using another set of
degenerate primers.  However, we are currently using a pair of optimized primers (Ghirardi et al. 1999), and,
if not successful, will abandon the PCR approach.  The subtractive hybridization approach is much more
time-consuming and complex.  However, it has the advantage of producing not only the hydrogenase gene
but also genes that encode proteins that are expressed upon anaerobic treatment.  Some of those proteins
may be required for optimal expression of the hydrogenase activity.
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Abstract

The work describes a novel approach for sustained photobiological production of H2 gas via the
reversible hydrogenase pathway in the green alga Chlamydomonas reinhardtii.  This single-
organism, two-stage H2 production method circumvents the severe O2-sensitivity of the reversible
hydrogenase by temporally separating photosynthetic O2 evolution and carbon accumulation from
H2 production in the culture. Following application of a stress condition (stress*; not identified in
this report), photosystem-II function and O2 evolution were reversibly inactivated in the
chloroplast of this green alga. Oxidative respiration by the cells in the light generated anaerobiosis
in the culture, a condition necessary and sufficient for the induction of the hydrogenase enzyme.
This was followed by sustained cellular H2 gas production in the light, but not in the dark.  Rates
of H2 evolution, obtained with a Clark-type electrode, were about 22 mmol H2 (mol Chl)-1 s-1,
compared to 48 mmol O2 (mol Chl)-1 s-1, measured prior to stress*.  Collected volumes of H2 gas
were on the average 2 mL h-1, compared to 12 mL O2 h-1, measured with the same culture in the
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early stages of stress*.  The mechanism for H2 production entailed electron transport from
endogenous substrate, through a chlororespiration-type process, to the cytochrome b6-f and
photosystem-I complexes in the chloroplast thylakoids.  Light absorption by photosystem-I was
an absolute prerequisite for H2 evolution, suggesting that photoreduction of ferredoxin is followed
by electron donation to the reversible hydrogenase.  The latter catalyzes the reduction of protons
to molecular H2 in the chloroplast stroma.

Introduction

Interactions between molecular H2 and living matter are widespread in nature. They are
catalyzed by a diverse group of enzymes collectively known as ‘hydrogenases’ [Adams 1990,
Albracht 1994]. Strategies of H2 metabolism vary widely among the prokaryotic and eukaryotic
organisms that undertake it [Hallenbeck and Benemann 1979, Weaver et al. 1980, Hall et al.
1995, Appel and Schulz 1998, Boichenko et al. 1999]. Hydrogen reactions can generally be
divided into those that utilize the reducing power of H2 to drive metabolic processes (H2

consumption), and those that generate molecular H2. In the first category, many photosynthetic
and non-photosynthetic organisms can grow by using H2 as the source of reductant [Weaver et al.
1980].  In the second category, reduction of protons by the enzyme ‘hydrogenase’ [Voordouw
and Brenner 1985, Voordoux et al. 1989, Meyer and Gagnon 1991, Happe and Naber 1993,
Peters et al. 1998] forms H2 gas, which serves to dissipate excess ‘electron pressure’ within a cell.
For example, anaerobic fermentative bacteria partially degrade organic carbon substrates to
generate ATP.  In the absence of an efficient electron sink (lack of O2), some of these organisms
use protons as a terminal electron-acceptor, thus releasing H2 and permitting additional
degradative steps in their metabolic pathway [Schlegel and Schneider 1978, Aoyama et al. 1997].
Under low partial pressures of molecular N2, cyanobacterial heterocysts use reductant, supplied in
the form of sugars by vegetative cells, and the enzyme nitrogenase [Benemann and Weare 1974,
Houchins 1984, Hall et al. 1995] to generate H2 from protons.

In eukaryotic algae, photosynthetic H2 evolution has been detected transiently upon
illumination [Gaffron and Rubin 1942], but only after a period of dark, anaerobic incubation of the
culture that apparently “induces” the cell’s ability to photo-produce H2 [Roessler and Lien 1984,
Happe et al. 1994, Ghirardi et al. 1997].  Photosynthetic H2 evolution is accentuated under
conditions of limiting CO2, suggesting that the hydrogenase pathway operates in competition with
the CO2 fixation pathway in the consumption of chloroplast reductant [Kessler 1973, 1976].
Moreover, electron transport via the hydrogenase pathway is coupled to photosynthetic
phosphorylation in the thylakoid membrane [Arnon et al. 1961], thus generating ATP which is
essential for the maintenance and repair functions of the cell [Melis 1991].

Currently, photobiological production of H2 by eukaryotic algae is of interest because it
holds the promise of generating a renewable fuel from nature’s most plentiful resources, light and
water.  Green algae, in particular, can utilize the energy of sunlight in photosynthesis to produce
molecular H2 from H2O.  In this photobiological H2 production, electrons are extracted from
water molecules on the oxidizing side of PSII. The potential energy of these electrons is elevated
through utilization of absorbed sunlight in a step-wise manner, first at PSII and subsequently at
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PSI.  In this linear process of photosynthetic electron transport, electrons released upon the
oxidation of water (Em7 = +820 mV) are eventually transported to the iron-sulfur protein
ferredoxin (Em7 = -450 mV) on the reducing side of PSI. The so-called reversible hydrogenase in
the stroma of the algal chloroplast (see below) accepts electrons from reduced ferredoxin and
efficiently donates them to 2H+ to generate molecular H2:

      Hydrogenase
2H+  +  2Fd-   <--------------------->   H2  +  2Fd        (1)

Since the Em7 for H2 oxidation is –420 mV and that for ferredoxin is –450 mV, it is thought that
the equilibrium constant of the above reaction could be close to 1, hence the term ‘reversible’
assigned to the function of this hydrogenase.

Under the proper experimental conditions, i.e., purging of molecular O2 from the reaction
medium, absence of CO2 and light-limited conditions, the quantum efficiency of the H2 production
process is close to the theoretical maximum and similar to that of oxygenic photosynthesis
[Greenbaum 1982, 1988, Cinco et al. 1993]. The concept of “direct biophotolysis” [Benemann et
al. 1973, Bishop et al. 1977, McBride et al. 1977, Weaver et al. 1980, Miura 1995] envisions
light-driven simultaneous O2 evolution on the oxidizing side of PSII and H2 production on the
reducing side of PSI, with a maximum H2:O2 (mol:mol) ratio of 2:1. Such a reaction with green
algae could serve to provide a clean, renewable and economically viable H2 fuel.

In practice, this potential has not as yet materialized because the reversible hydrogenase
(i.e., the enzyme that combines protons and high-energy electrons into H2) is extremely O2

sensitive and is promptly deactivated at less than 2% O2 partial pressure [Ghirardi et al. 1997].
An alternative approach to photoproduce H2 is based on the concept of “indirect biophotolysis” in
which starch accumulation acts as an intermediary electron carrier between photosynthetic H2O
oxidation and H2 production.  In this approach, the two reactions, O2 evolution and H2

production, are spatially and/or temporally separated from each other [Benemann 1996].  The
present work describes the sustainable photosynthetic production of H2 in a two-stage indirect
biophotolysis process in which O2 and H2 production were temporally separated. This process of
H2 production operated continuously for several days.

Materials and Methods

Growth of the Algae

Chlamydomonas reinhardtii strain C137 (mt+) was grown photoheterotrophically in a
Tris-acetate-phosphate (TAP) medium, pH 7.  Liquid cultures, bubbled with 3% CO2 in air, were
grown at 25°C in flat bottles (3-5 cm optical path length) upon stirring and under continuous
cool-white fluorescence illumination at ~200 µmol of photons m -2 s-1. Culture density was
measured by cell counting with the improved Neubauer ultraplane hemacytometer and an
Olympus BH-2 light microscope operated at a magnification of 200x.
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Cells were grown to the late logarithmic phase (about 3-6x106 cells/mL).  After they
reached this density, cells were subjected to a stress* condition while incubated under continuous
illumination for up to 150 h.

Oxygen Exchange and Hydrogen Evolution Measurements

At UC Berkeley, O2 exchange activity of the cultures was measured at 25°C with a Clark-
type O2 electrode illuminated with a slide projector lamp.  Yellow actinic excitation of saturating
intensity was provided by a CS 3-69 Corning cut-off filter. A 5 mL aliquot of the culture was
supplemented with 100 µL of 0.5 M NaHCO3, pH 7.4 [Melis et al. 1999]. Measurements were
taken with the O2 electrode, beginning with the registration of dark respiration in the cell
suspension, and followed by measurement of the light-saturated rate of O2 evolution.  The rate of
each process was recorded for about 5 minutes. At NREL, rates of O2 and H2 evolution activity
were measured with two different Clark-type electrodes, each poised for the optimal measurement
of O2 and H2, respectively.  Calibration of the electrodes was done as previously described
[Seibert et al. 1998]. Saturating actinic illumination of about 1,300 µmol photons m -2 s-1 was
provided by a Nolan-Jenner Model 170-D high intensity actinic source, filtered through a 1%
CuSO4 solution. Samples for H2 evolution measurements were transferred from the culture bottle
with argon-flushed gas-tight syringes into the argon-flushed Clark-type electrode chamber. The
chamber was then bubbled with argon for ~3 min to remove H2 dissolved into the growth
medium.  Rates of H2 evolution were recorded upon illumination for 5 min. The H2 concentration
signal from the electrode was amplified with an in-line Ithaco Model 1201 amplifier, modified
with a custom-built current-to-voltage converter and analyzed with a Data Translation DT31-EZ
A/D data acquisition system using customized DTVee software. Photosynthetic O2 evolution and
oxidative respiration rates were measured as described above.

Gas Collection Measurements

Culture bottles (Schott or Roux type) were fitted with an #25 Ace thread and smaller side-
ports for liquid sampling. A threaded glass stopper with capillaries for gas sampling was fitted
with a Viton O-ring and used to seal the reactor. Threaded side-arm and gas sampling ports were
sealed with rubber laminated Teflon septa. Teflon tubing (Aminco, HPLC), attached to one of the
gas ports, was used to conduct gas evolved by the algae in the culture bottles to an upside-down
graduated cylinder filled with H2O.  The gas collection tubing was detached from the culture
bottle during liquid and gas sampling to avoid disturbance of gas volume readings in the
graduated cylinder.

Determination of the Concentrations of CO2 and H2 in the Gas Phase

A Varian Model 3760 gas chromatograph with Varian Star 4.0 data analysis software was
used to determine the levels of CO2 and H2 in the headspace of the reactor.  A Supelco MS-5A
molecular sieve column with argon as the carrier gas was used to separate O2, N2 and H2. A
Supelco Porapak Q column with He as the carrier gas was used to assay for CO2. Signals were
generated by the instrument’s TC detector. Dissolved CO2 was driven into the gas phase by
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injection of the liquid sample into 2 N hydrochloric acid in an argon-flushed, septum-capped vial.
The signals were calibrated by injection of known amounts of O2, N2 , H2 and CO2.

Thylakoid Membrane Isolation and Analysis

Cells were harvested by centrifugation at 3,000xg for 3 min at 4°C.  Pellets were diluted
with sonication buffer containing 100 mM Tris-HCl (pH 6.8), 10 mM NaCl, 1 mM p-
aminobenzamidine-2HCl, 1 mM 6-aminocaproic acid, 10 mM EDTA, and 100 µM PMSF. Cells
were disrupted by sonication for 2 min in a Branson Sonifier (cell Disruptor 200) operated in the
pulsed mode with a 50% duty cycle and an output power setting of 5.  Unbroken cells and other
large cell fragments were removed by centrifugation at 3,000xg for 3 min at 4°C.  The
supernatant was then centrifuged at 75,000xg for 30 min at 4°C. Chlorophyll (a+b) content of the
samples was measured in 80% acetone by the method of Arnon [1949], with equations corrected
as in Melis et al. [1987].

Spectrophotometric Measurements

The amplitude of the light minus dark absorbance difference measurements at 700 and 320
nm [Melis 1989] was employed for the direct quantitation of P700 and QA in the C. reinhardtii
cultures. These measurements provided estimates of the concentration of functional PSI and PSII
reaction centers, respectively [Melis 1989, 1991], in the samples at various times following
initiation of the stress* condition. The amplitude of the hydroquinone-reduced minus ferricyanide-
oxidized absorbance difference measurement at 554 nm, with isosbestic points at 544 and 560 nm,
was employed in the quantitation of cytochrome f.  Sample purification and preparation for these
measurements were described earlier [Melis et al. 1996].

Acetate, Starch and Protein Quantitations

The levels of acetate were measured in the supernatant, following centrifugation of the
algal cells at 1,000xg for 2 min.  A Hewlett-Packard 1050 fully-integrated HPLC with a BioRad
Aminex HPX-87H ion exchange column and UV-detector was used for these measurements.
H2SO4 (4 mM) served as the mobile phase to separate organic acids.  The output signals were
analyzed with HP Chemstation software.  Starch determinations were performed according to
[Gfeller and Gibbs 1984] using amyloglucosidase (Sigma, St. Louis) to convert starch from
methanol solubilized cells to glucose.  The concentration of glucose was then determined using a
D-Glucose test kit (Boehringer Mannheim). The test depends upon two enzymatic reactions, the
phosphorylation of glucose to glucose 6-phosphate by hexokinase, and subsequent reduction of
NAD+ to NADH by glucose 6-phosphate.  The amount of NADH accumulated was measured
spectrophotometrically by determining the absorption change at 340 nm. Protein quantitation was
implemented according to Lowry et al. [1951].
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Results

Sustained Photobiological Production of Hydrogen Gas in C. reinhardti

When Chlamydomonas reinhardtii cultures are subjected to a stress condition (stress*),
the light-saturated rates of O2 evolution and CO2 fixation decline significantly within 24 h in the
light, without a proportional loss of chloroplast or thylakoid membrane electron transport
components. Analysis indicated that such loss in electron transport activity is due to the
conversion of PSII centers from the QB-reducing to a QB-nonreducing form.  The result of stress*
on photosynthesis and cellular respiration over a longer period of time (0-120 h) are shown in
Fig. 1. The activity of photosynthesis, measured from the light-saturated rate of O2 evolution in
Chlamydomonas reinhardtii (Fig. 1, P), declined bi-exponentially as a function of time during the
0-120 h stress* period. Cellular respiration, measured from the rate of O2 consumption in the dark
(Fig. 1, R), remained fairly constant over the 0-70 h period and declined slightly thereafter.  It is
important to note that the absolute activity of photosynthesis decreased below the level of
respiration in Chlamydomonas reinhardtii after about 24-30 h of stress*.
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Figure 1 - Photosynthesis and Respiration in C. reinhardtii
Incubation under stress* started at 0 h.  Cells were suspended in the presence of 10
mM NaHCO3, pH 7.6.  The rate of cellular respiration (R) was recorded in the dark,

followed by a measurement of the rate of light-saturated photosynthesis.  Net
photosynthesis (P) was corrected for the rate of dark respiration.
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We reasoned that, sometime after about 24-30 h of stress*, a sealed Chlamydomonas
reinhardtii culture would quickly become anaerobic in the light, due to the significantly greater
respiratory than photosynthetic activity of the cells.  This was indeed confirmed by measurements
with a Clark-type O2 electrode (results not shown).  Anaerobiosis is a necessary and sufficient
condition for the induction of the reversible hydrogenase and light-induced H2-production activity
in C. reinhardtii.  Conversely, as shown below, darkness per se is not an absolute prerequisite for
the induction of the reversible hydrogenase and for a manifestation of its activity, provided that no
O2 is present.  It was of particular interest, therefore, to test for light-dependent H2 gas evolution
and accumulation in stressed* C. reinhardtii cultures at times greater than 30 h.
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Figure 2 – Hydrogen Gas Production in C. reinhardtii
Hydrogen gas volume accumulated in a graduated cylinder (open circles) and the rate
of light-saturated H2 evolution measured with a Clark-type H2 electrode (solid circles)

as a function of incubation time under stress*.

Fig. 2 shows the result of such measurements, conducted at NREL with a stressed*
culture of C. reinhardtii. In this experiment, a 1 L culture of algae at a cell density of about 6x106

cells/mL was incubated under stress* and continuous illumination conditions.  The culture bottle
was sealed 43 h after application of stress*, when the rate of photosynthetic O2 evolution was
determined to be equal to or less than the rate of respiration.  Subsequently, rates of H2 evolution
were measured in aliquots taken from the culture at 24 h intervals.  The rate of H2 evolution at
time t=48 h was equal to 22 mmol H2 (mol Chl)-1 s-1 (Fig. 2, Rate).  This rate is ~45% of the rate
of O2 evolution at t=0 h (see Fig. 1, P), but it is comparable to the rate of H2 evolution measured
with C. reinhardtii cells grown under photoautotrophic conditions [Seibert et al. 1998].  Thus,
the stress* condition itself does not appear to exert a negative effect on the induction and activity
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of the reversible hydrogenase at this point in time.  However, the activity of this enzyme declined
during subsequent incubation under stress*, reaching a low plateau of about 2 mmol H2 (mol Chl)-

1 s-1 after 120 h.
Hydrogen gas accumulation was determined by measuring the amount of water that was

displaced in an inverted graduated cylinder.  The rate of gas accumulation was constant at ~2 mL
h-1 (equivalent to 1.2 mmol H2 [mol Chl]-1 s-1) for up to about 105 h. At this point the rate of
accumulation started to level off (Fig. 2, Volume).  Gas chromatographic analysis revealed that
the composition of the headspace in the culture bottle at 120 h was about 87% H2, 1% CO2, with
the remainder being N2 and traces of O2.  A direct comparison of these results (Fig. 2, Rate versus
Volume) suggests that, at t=48 h, less than 10% of the capacity for H2 production (Fig. 2, Rate)
is actually being utilized for the accumulation of H2 gas in the graduated cylinder (Fig. 2, Volume)
at this time point. At later times in this measurement (t>48 h), the rate of H2 evolution declined
(Fig. 2, Rate) and approached the rate of gas accumulation in the graduated cylinder (Fig. 2,
Volume). It is clear from these results that factors other than the activity of the reversible
hydrogenase are responsible for the slow H2 gas accumulation, particularly in the early stages of
this measurement.
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Figure 3 – Carbon Dioxide Gas Exchange in C. reinhardtii

Quantitation of dissolved CO2 produced in tandem with H2 by stressed* C. reinhardtii
cultures. The culture was sealed at about 45 h following application of the stress*

condition.

In addition to H2, algal anaerobic photofermentations are expected to yield CO2 and small
amounts of formate and ethanol [Gfeller and Gibbs 1984].  Fig. 3 shows that the amount of
dissolved CO2 declined during the 0-40 h period and, subsequently, increased in the 40-150 h
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period from about 80 to about 200 mol CO2 (mol Chl)-1. This increase translated to a rate of 0.32
mmol CO2 (mol Chl)-1 s-1. Given that under the same conditions we measured a rate of H2

accumulation equal to 1.2 mmol H2 (mol Chl)-1 s-1, we estimated a H2/CO2 (mol:mol) ratio of
about 3.7:1 for this process.  The amount of CO2 in the headspace of the culture gradually
increased from atmospheric values (0.03%) to about 1% in the course of the H2 production
period.  This corresponds to a rate of CO2 accumulation less than 0.5% of the rate of H2

accumulation, and it is negligible compared to the amount of CO2 that accumulated in the liquid
phase.  Furthermore, accumulation of fermentation byproducts, such as formate and ethanol, was
not observed to occur in the growth medium during the course of the H2 production period.
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Figure 4 – Oxygen and Hydrogen Production in C. reinhardtii
Temporal separation of photosynthetic O2 and H2 gas production in cells under stress*.

Gases were collected in an inverted graduated cylinder by displacement of water.

Fig. 4 shows the result of experiments, conducted at UC Berkeley, in which concomitant
with the application of stress*, cultures were supplemented with 25 mM NaHCO3, pH 7.6, to
serve as the substrate of oxygenic photosynthesis.  C. reinhardtii cultures grown in a Roux bottle
(850 mL capacity), and having a density of about 3x106 cells/mL, were incubated in the light.
Cultures were sealed at 0 h and O2 gas collection was measured with the inverted graduated
cylinder setup.  In such experiments, the maximum rate of O2 gas accumulation (Fig. 4, O2) was
estimated to be about 12 mL O2 h-1 (equivalent to 25 mmol O2 (mol Chl)-1 s-1).  This rate, not
corrected for cellular respiration, is comparable to the average of the rates measured with a Clark-
type O2 electrode (Fig. 1, P).  Hydrogen gas accumulation was measured with the same setup at
later times, following the onset of anaerobiosis in the sealed cultures. The initial rate of H2 gas
accumulation (Fig. 4, H2) was estimated to be about 2 mL H2 h-1 (equivalent to 4.1 mmol H2 (mol
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Chl)-1 s-1), which, again, is significantly lower than the capacity for H2 evolution, measured with
the Clark-type electrode (Fig. 2, Rate). Furthermore, the rate of H2 gas collection was less than
20% of the rate of O2 collected in the inverted graduated cylinder (Fig. 4).  The above results
show a significant discrepancy in the estimates of the H2:O2 (mol:mol) ratio based on
polarographic (Fig. 2, Rate) versus gas volumetric measurements (Fig. 2, Volume and Fig. 4, H2).
Polarographic measurements suggest a H2:O2=0.45:1 (mol:mol) ratio, whereas volumetric
measurements showed only a H2:O2=0.17:1 (mol:mol) ratio. A discussion/analysis of these results
is given below.

Structural and Functional Properties of the H2-producing Photosynthetic
Apparatus

The Chl content of the cells and the composition of the thylakoid membrane in C.
reinhardtii changed upon application of the stress* condition. Fig. 5 shows that the cell density of
the culture increased transiently from about 3x106 cells/mL at 0 h to about 4x106 cells/mL at 60 h,
and subsequently declined to 3x106 cells/mL at 120 h of stress*. Concomitantly, the Chl content
of the culture declined steadily from about 8 µM to about 4 µM over the duration of this
experiment.
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Figure 5 – Effect of Stress* on Cell Density and Chlorophyll Content
Chlorophyll concentration, cell density and chlorophyll content per cell in a C.

reinhardtii culture under stress*.  Initial values, at t=0 h, were Chl=7.7 µM,
Cell/mL=2.8x106, Chl/cell=2.8x10-15 mol/cell.
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The Chl content per cell declined from about  2.7x10-17 to about  1x10-17 mol Chl/cell
following a 120 h incubation under stress*.  These results show that some cell division does occur
during the first 60 h of stress* but that a gradual loss of Chl also occurs throughout the
deprivation period. Interestingly, the Chl a/Chl b ratio of the cells increased only slightly (from
~1.8:1 to 2.3:1) during the 0-120 h stress* period.

The concentration of integral thylakoid membrane complexes (PSII, Cyt b6-f and PSI) in
the thylakoid membrane of stressed* C. reinhardtii was investigated spectrophotometrically as
follows: (1) from the amplitude of the light-minus-dark absorbance change at 320 nm (measuring
the photochemical reduction of the primary quinone acceptor QA of PSII); (2) from the amplitude
of the light-minus-dark absorbance change at 700 nm (measuring the photochemical oxidation of
the reaction center P700 of PSI);  and (3) from the hydroquinone-reduced minus ferricyanide-
oxidized difference spectra of cytochrome f in isolated thylakoid membranes [Melis et al. 1996].
Fig. 6 shows that the amount of all three functional components declined with incubation time,
with PSII (QA) declining somewhat faster than P700 and Cyt f.
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Figure 6 – Photochemical Apparatus Organization in C. reinhardtii
Concentration of functional PSII (QA), cytochrome b6-f complex (Cyt f) and PSI (P700)

as a function of time under stress*.

It is evident that loss of PSII centers that are functional in charge separation (Fig. 6, QA,
half-time of 40 h) is considerably slower than the loss of O2 evolution activity in the cells (Fig. 1,
P, half-time of 20 h). These results are consistent with the notion that the stress* condition first
causes a conversion of PSII centers from the QB-reducing to a QB-nonreducing form, followed by
a slower loss of the PSII centers from the chloroplast thylakoids. This notion was supported by
results of western blot analyses with antibodies specific for the various reaction center proteins of



12

PSII and PSI (not shown).  Thus, the response of the cells to stress* suggests a strategy designed
to prevent the generation of O2, thus avoiding severe oxidative damage under stress*.

In the absence of functional PSII, the photobiological production of H2 requires the
presence and operation of PSI.  Only PSI is capable of generating reduced intermediates (e.g.,
reduced ferredoxin) with a sufficiently negative midpoint redox potential for the generation of
molecular H2 [Redding et al. 1999].  Figure 6 (Cyt f and P700) shows that significant amounts of
Cyt f and P700 are retained in the thylakoid membrane throughout the 120 h stress* period. Cyt
b6-f and PSI are needed for the transport of electrons from a chlororespiratory substrate ([Moller
and Lin 1986], see also below) to ferredoxin and the reversible hydrogenase. A chlororespiration-
supported PSI activity in this H2 production process was shown by in vivo measurements of the
photooxidation and recovery kinetics of P700 in stressed* cells that were suspended in the
presence of the PSII electron transport inhibitor DCMU. Fig. 7 shows such a kinetic trace in
which actinic excitation (administered at 100 ms) caused a negative absorbance change at 700 nm
(oxidation of P700 in the sample).  When actinic excitation was turned off at 300 ms, P700 was
reduced promptly in the dark with kinetics in the ms time range.
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Figure 7 – Light-Induced Oxidation-Reduction Changes in C. reinhardtii
In vivo light-induced absorbance change measurements of P700 (∆A700) in stressed* C.
reinhardtii.  Cells were suspended in the presence of 20 µM DCMU.  The time response
of the apparatus was limited, through the use of electronic filters, to 15 ms. Saturating

blue actinic excitation (CS 4-96 Corning glass filter, 250 µmol photons m-2 s-1) came ON
at 100 ms (open arrow) and went OFF at 300 ms (filled arrow).

The fast recovery of P700 in the dark suggests an abundance of electrons in the
intersystem electron transport chain (plastoquinone, cytochrome b6-f and plastocyanine).
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Addition/omission of DCMU to the samples had no effect on the observed light-induced oxidation
or dark recovery kinetics (results not shown), consistent with the absence of electron transport
through PSII.  This repetitive light-induced oxidation and dark-recovery pattern was kinetically
identical in all samples examined throughout the 120 h stress* period, demonstrating the active
operation of an electron-transport pathway that involves electron donation from a substrate to the
thylakoid membrane of C. reinhardtii, probably at the level of the plastoquinone pool.

The role of various metabolites and the identity of the chlororespiratory substrate that
serves as the source of electrons for this photobiological H2 production were investigated.
Acetate and starch are likely candidates for a chlororespiratory substrate in C. reinhardtii [Gibbs
et al. 1986].  Fig. 8 (Acetate) shows that the amount of acetate in the culture medium declined by
about 50% during the 0-30 h stress* period.  However, it remained stable at this level during the
30-120 h period and even started to increase slightly thereafter (data points beyond 120 h not
shown). These results suggest that acetate is consumed by respiration for as long as there is O2 in
the culture medium (0-30 h) but it does not contribute significantly to the source of electrons in
the H2-production process (30-120 h).  Consistent with this interpretation are also measurements
of the pH in the culture medium.  The pH increased gradually (from 7.5 to 8.2) during the 0-30 h
period of aerobic incubation under stress*, consistent with the uptake and utilization of acetate
and the concomitant release of hydroxide anion as a by-product of this reaction.

0

100

200

300

400

0 20 40 60 80 100 120

A
ce

ta
te

,  
G

lu
co

se
, 

an
d 

P
ro

te
in

 c
on

te
nt

,  
%

Incubation time,  h

Glucose

Acetate

Protein

Figure 8 – Specific Metabolite Content in Cultures of C. reinhardtii
Acetate, protein and starch (measured as total glucose) contents in C. reinhardtii as a
function of time under stress*.  The absolute values at zero time were: acetate = 15

mM, starch = 16 nmol glucose/mL, and protein = 70 µg/mL.



14

Once anaerobiosis was established (t>30 h), however, this pH increase was gradually
reversed (from ~8.2 to ~8.0), consistent with the notion of a light-dependent catabolic pathway
that  resulted in the formation of H2 gas and CO2.  The majority of the released CO2 was trapped
in the culture medium as bicarbonate anion (CO2 + H2O à HCO3

- + H+) due to the high pH value
of the solution (see Fig. 3).

Interestingly, the amount of starch in the cells (measured as the total glucose content of
the cells following starch hydrolysis), increased transiently by about 330% during the first 25 h of
stress*, and subsequently declined to about 250% of the initial value at 120 h (Fig. 8, Glucose).
The slow rate of glucose loss in the 25-120 h period suggests that starch catabolism is not
sufficient to account for the electrons that feed into the reversible hydrogenase pathway (analysis
not shown).  Rather, cellular compounds such as protein and/or lipid, through their regulated
catabolism in the cell, might be the source of the chlororespiratory substrate that provides
reductant for the photobiological generation of molecular H2.  Indeed, quantitation of cellular
protein in the stressed* cultures showed that the amount of protein increased transiently to about
150% of the initial in the 0-30 h period.  Thereafter, in the 30-120 h period, and concomitant with
the H2 production activity, the level of protein in the culture declined to about 80% of the initial
value (Fig. 8, Protein).

Discussion

The ability of green algae to produce H2 directly from water has been recognized for over 55
years [Gaffron and Rubin 1942].  This activity is catalyzed by the reversible hydrogenase enzyme
that is induced in the cells after exposure to a short, anaerobic period in the dark.  However, the
activity is rapidly lost as soon as the light is turned on, because of immediate deactivation of the
reversible hydrogenase by photosynthetically-generated O2. Although continuous purging of H2-
producing cultures with inert gases has allowed for the sustained production of H2 for up to 160 h
[Reeves and Greenbaum 1985], such purging is expensive and impractical for large-scale mass
cultures of algae.  The use of vacuum pumping, addition of exogenous reductants such as sodium
dithionite, as well as the addition of herbicides to inhibit photosynthetic O2 evolution is also
problematic.  Consequently, the absence of a physiological way of surmounting the O2-sensitivity
of hydrogenases has discouraged research on applied algal H2-production systems.  The results
presented in this paper, however, show a novel method to temporally separate O2- evolution and
H2-production activities, thus allowing H2 production for extended periods of time without
resorting to the use of the above-mentioned mechanical and chemical manipulations.  The new
method demonstrates, for the first time, the successful operation of a single-organism, two-stage
photobiological H2-production process in a green alga.  The temporal sequence of events for the
process is straightforward:
•  The algae were grown in the light in a TAP medium until they reached a density of 3-6 million

cells per mL in the culture (Stage 1).
•  The cells were subjected to a stress* condition (Stage 2).
•  The cultures continued to carry out oxygenic photosynthesis for about 30 h, until the absolute

activity of photosynthesis gradually decreased to a level below that of respiration.
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•  The cultures were sealed and connected by Teflon tubing to a gas retrieval apparatus (in this
case an inverted graduated cylinder filled with water and immersed in a water-containing
beaker).

•  Hydrogen gas, generated photobiologically, was collected in the graduate cylinder by
displacement of water.  The volume of the accumulating gas phase was measured directly in
the graduate cylinder.

•  Samples from the gas phase in the culture bottle, were removed with a syringe for gas
chromatographic (GC) analysis.  Aliquots of the liquid culture were also drawn for Clark-
electrode, HPLC, enzymatic and spectrophotometric assays.

Why do Chlamydomonas reinhardtii cells produce molecular H2 under these conditions?
The most likely explanation is that H2 evolution is the only mechanism available to the algae for
generating sufficient amounts of ATP required for the continued survival of the organism. The
main processes for ATP formation, mitochondrial respiration and oxygenic photosynthesis, are
not available to sealed and stressed* C. reinhardtii cells due, respectively, to the lack of O2 and
inactivation of PSII function.  Electron transport from a chlororespiratory substrate through the
cytochrome b6-f complex can generate the required ∆pH gradient across the thylakoid membrane
for the generation of ATP.  Electron transport from the Cyt b6-f complex through PSI and the
generation of molecular H2 serves as the only way to sustain the electron transport process and
∆pH gradient formation, and it occurs at the expense of reductant that is eventually lost to the
environment in the form of gaseous H2.  Perhaps cyclic electron transport around PSI, primed by
electron donation through the chlororespiratory pathway also contributes to ATP production.
Build-up of CO2 as bicarbonate in the culture is another issue.  It is possible that the decrease in
H2 production capacity as a function of time observed at greater than 50 h (Fig. 2) is due to
increased electron transport partitioning away from hydrogenase and to the Benson-Calvin cycle.

The gradual inactivation of water-oxidation under stress* is an energy-dependent process,
which requires light and/or a carbon substrate for respiration (data not shown).  Our current
experimental protocol uses both.  The substrate for respiration in the initial 30 h of stress* is
clearly acetate, as seen in Fig. 8.  As the culture becomes anaerobic, acetate consumption by
respiration decreases to zero.  The H2-production phase of the system is also a light-dependent
process that utilizes the chlororespiratory pathway under anaerobic conditions.  The fermentative
metabolism of C. reinhardtii in the light was studied extensively by Gibbs et al. [Gfeller and Gibbs
1984, Gibbs et al. 1986, Maione and Gibbs 1986a,b].  The main products of the
photofermentation of starch in the presence of DCMU (an inhibitor of PSII electron-transport and
O2 evolution whose addition is experimentally similar to the system describe here where PSII is
inactivated) were found to be H2 and CO2, in a ratio of 2.8:1 (mol:mol) [Gfeller and Gibbs 1984].
Formate and ethanol were present in much smaller amounts, and no acetate accumulation was
detected. In contrast to Gibbs’ results, we did not observe a stoichiometric photoconversion of
starch into H2 and CO2 under our experimental conditions, though we did observe a H2:CO2

production ration of 3.7:1 (mol:mol) .  As seen in Fig. 8, very little starch was mobilized during
the H2-producing stage of the system.  However, significant loss of protein takes place
concomitantly with the H2 production, suggesting that protein is the primary source of substrate
and reductant for the electron transport process that eventually feeds into the reversible
hydrogenase pathway.  Clearly, more work is needed to accurately define the stoichiometries of
the substrate catabolized, and H2 and CO2 photobiologically generated in this H2 production
process.
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 The actual rate of H2 gas accumulation during the early times of measurement (ca. 50 h)
was only 10% of the maximum capacity for H2 evolution by the cells at this time.  This
discrepancy suggests that factors other than the activity of the hydrogenase might be limiting the
process of H2 gas accumulation.  Some of these factors could include:
•  Inhibition of the H2-evolution process in the culture bottle due to the equilibrium constant of

the reaction catalyzed by the reversible hydrogenase.  Dissolved H2 gas in the growth medium
could lower the equilibrium constant of the reaction 2H+  +  2e-  <------->  H2, thereby
limiting the rate of the forward (H2-evolution) reaction.  In the polarographic measurements
of H2 evolution with a Clark-type electrode, this limitation does not apply since all gases in the
electrode chamber were thoroughly purged by bubbling with inert argon gas.

•  Losses of H2 gas either because of improper sealing of the gas collection system or because of
diffusion of H2 from the graduate cylinder through the water phase to the surrounding
atmosphere.

•  Inherent competition for reductant (electrons from reduced ferredoxin) between the reversible
hydrogenase, leading to H2-gas production, and the Benson-Calvin cycle, leading to the
reduction of inorganic carbon into sugar precursors.

•  Differences in the effective intensity of the light used to induce H2 evolution in the culture
bottle during stress* and the light used to measure the H2 evolution capacity of the cells in the
Clark-electrode assay cell.

Clearly, additional work needs to be undertaken in order to address issues of yield and
optimization of this H2-production process.  However, we have cycled a single algal culture
between the two stages (oxygenic photosynthesis and H2–production) up to three times,
demonstrating the reversibility of the process (data not shown).

In summary, the ability of green algae to photoproduce H2 gas has been a biological
curiosity for many years.  Up until this point, only traces of H2 could be detected for very short
periods of time using a Clark-type H2 electrode or a mass spectrometer.  The present work has
shown, for the first time, that it is possible to produce and accumulate significant volumes of H2

gas using C. reinhardtii in a sustainable photobiological process that can be employed
continuously for several days.  The process depends on a physiological treatment of the algal
culture, and not mechanical or chemical manipulations.   The significance of this work for future
renewable energy applications remains to be examined.
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Abstract

For algal mass cultures and H2 production, conditions that maximize photosynthetic
productivity and solar conversion efficiency are important in determining sustainability and profit.
We have shown [Melis et al. (1999) Journal of Applied Phycology 10: 515-525] that
photosynthetic efficiencies and hydrogen production by microalgal cultures can be increased upon
minimizing the number of the light-harvesting chlorophyll (Chl) antenna pigments of
photosynthesis. A highly truncated light-harvesting Chl antenna size in green algae could result in:
(a) 6-7 times greater photosynthetic productivity (on a per Chl basis), compared to that of normally
pigmented cells, and (b) ~3 times greater yields of photosynthesis and H2 production under mass
culture, compared to that of normally pigmented cells.  

We report here the application of molecular genetic approaches for the generation of
transformant green algae with a permanently truncated Chl antenna size. Upon generating and
screening a library of 6,500 DNA insertional transformants in the green alga Chlamydomonas
reinhardtii, 155 mutants aberrant in Chl fluorescence, i.e., possibly aberrant in Chl antenna size,
have been isolated.  Three distinct classes of mutants were identified: mutants aberrant in Chl b
biosynthesis, and mutants aberrant in the regulation of the Chl antenna size (both down-regulated
and up-regulated). Initial biochemical characterization of some of these mutants is presented.  The
work provides evidence that a smaller and stable Chl antenna size in green algae can be achieved
through the application of molecular genetic techniques.  Moreover, some unique insights were
gained from a detailed examination of the Chl b-less mutant.  This mutation was partially overcome
through a nearly quantitative substitution of Chl b with Chl a in photosystem-I (PSI), and by a
partial substitution by Chl a in PSII. These substitutions resulted in a PSI Chl antenna size almost
as large in the mutant as in the control, but a PSII antenna size in the mutant that was less than half
of that in the control. Genetically engineered algae with a ‘truncated Chl antenna ‘can increase the
productivity of the culture under moderate to high irradiance.  Immediate future plans include the
biochemical analysis of additional isolates in search of the smallest possible Chl antenna size for
PSII and PSI, and the cloning and sequencing of the genes that regulate the Chl antenna size of
photosynthesis.
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Introduction

Microalgal mass cultures growing under high irradiance, such as direct sunlight, have
significantly lower photon use efficiencies than when grown under low irradiance. The reason for
this fundamental inefficiency is that, at moderate to high irradiance, the rate of photon absorption
by the antenna chlorophylls far exceeds the maximal rate of photosynthesis.  The excess absorbed
photons are dissipated as fluorescence or heat.  Thus, in algal mass cultures, the first few layers of
cells absorb and waste a large proportion of the incident photons, while strongly attenuating the
light received by cells deeper in the culture [Naus and Melis 1991, Neidhardt et al. 1998].  More
than 90% of absorbed photons can thus be wasted [Melis et al. 1999], reducing photon use
efficiencies and photosynthetic productivity.  

Theoretically [Kok 1953, Myers 1957], a truncated chlorophyll (Chl) antenna size of the
photosystems (PS) is expected to increase the photon use efficiency of microalgae in mass culture
as it would minimize the wasteful dissipation of absorbed sunlight, diminish mutual cell shading,
permit a greater transmittance of light through the culture and, thus, result in a more uniform
illumination of the cells.  Overall, this should result in a higher photosynthetic productivity of the
microalgal culture [Kok 1960].  These theoretical considerations have been quantitatively tested in
the laboratory, supporting the prediction that cells with a highly truncated Chl antenna size will
exhibit superior photosynthetic productivity and solar use efficiency compared to that of normally
pigmented control cells [Melis et al. 1999].

Thus, for purposes of industrial application, it would be necessary to develop microalgal
mutants with a permanently truncated light-harvesting Chl antenna size.  To achieve this goal, we
took advantage of recent progress in the fields of the Chl antenna organization and regulation of
assembly in chloroplasts.  The work employed recently developed molecular genetic approaches to
generate transformant green algae with a permanently truncated Chl antenna size.  Preliminary
results show that, indeed as expected, green algae with a permanently truncated Chl antenna size
exhibit higher photosynthetic productivities and photon use efficiencies than normally pigmented
control cells.

Materials and Methods

Cell Cultures and Growth Conditions

Chlamydomonas reinhardtii, strains cw15 and CC425 (arg7.8 cw15 mt+ sr-u-60, an
arginine auxotroph; Chlamydomonas Genetics Center, Duke University), were cultivated in Tris-
Acetate-Phosphate (TAP) [Gorman and Levine 1965] or high salt (HS) [Sueoka 1960] media.
Cultures of strain CC425 were supplemented with 50 µg mL-1 arginine.  Liquid cultures were
grown in flat Roux bottles upon stirring under continuous illumination (200 µmol photons m -2 s-1)
provided by cool-white fluorescence lamps.  

E. coli cells transformed with plasmid pJD67 [Davies et al. 1996] were grown in a 37oC
incubator/shaker in LB media supplemented with 100 µg mL-1 ampicillin.  The plasmid DNA
(pJD67), containing the argininosuccinate lyase gene, was isolated from liquid E. coli cultures
using a Qiagen midiprep kit (Qiagen Inc, CA).  Plasmids were linearized upon digestion with
HindIII prior to been used for insertional mutagenesis of C. reinhardtii strain CC425.
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Cell Count and Chlorophyll Determination

The cell density in the cultures was measured by counting with a Hemacytometer
(improved Neubauer chamber) and an Olympus BH-2 compound microscope. Cells were
immobilized and stained by addition of several µL of Lugol solution to a 1 mL aliquot of the
culture. Pigments from cells or thylakoid membranes were extracted in 80% acetone and debris
was removed by centrifugation at 10,000g for 5 min. The absorbance of the supernatant at 720,
663 and 645 nm was measured by a Shimadzu UV-visible spectrophotometer.  The chlorophyll (a
and b) concentration of the samples was determined according to Arnon [1949], with equations
corrected as in Melis et al. [1987].

Thylakoid Membrane Isolation

Cells were harvested by centrifugation at 1,000g for 3 min at 4oC. Pellets were
resuspended in 1-2 mL of growth medium and stored frozen at -80oC until all samples were ready
for processing. Samples were thawed on ice and diluted with sonication buffer containing 100 mM
Tris-HCl (pH 6.8), 100 mM NaCl, 5 mM MgCl2, 0.2% polyvinylpyrrolidone-40, 0.2% sodium
ascorbate, 1 mM aminocaproic acid, 1 mM aminobenzamidine and 100 µM phenyl-
methylsulfonylfluoride (PMSF).  Cells were broken by sonication in a Branson 200 Cell Disruptor
operated at 4oC. The samples were sonicated three times for 30 s (pulse mode, 50% duty cycle,
output power 5). Unbroken cells and starch grains were removed by centrifugation at 3,000g for 4
min at 4oC. Thylakoid membranes were collected by centrifugation of the supernatant at 75,000g
for 30 min at 4oC. The thylakoid membrane pellet was resuspended in a buffer containing 250 mM
Tris-HCl (pH 6.8), 20% glycerol, 7% SDS and 2 M urea. Solubilization of thylakoid proteins was
carried out for 30 min at room temperature, a procedure designed to prevent the formation of
protein aggregates during denaturation. Samples were centrifuged in a microfuge for 4 min to
remove unsolubilized material, β-mercaptoethanol was added to yield a final concentration of 10%
and the samples were stored at -80oC.

SDS-PAGE and Western Blot Analysis

Samples were brought to room temperature prior to loading for electrophoresis and diluted
accordingly to yield equal Chl concentrations. Gel lanes were loaded with an equal amount of Chl
(1 nmol Chl per lane). SDS-PAGE was carried out according to Laemmli [1970], with the
resolving gel containing 12.5% acrylamide, at a constant current of 9 mA for 16 h. Electrophoretic
transfer of the SDS-PAGE resolved proteins onto nitrocellulose was carried out for 4 h at a
constant current of 800 mA. The transfer buffer contained 50 mM Tris, 380 mM glycine (pH 8.5),
20% methanol and 1% SDS. Identification of thylakoid membrane light-harvesting proteins was
accomplished with specific polyclonal antibodies kindly provided by Dr. R. Bassi [Di Paolo et al.
1990]. Cross-reaction with the antibodies was detected by a chromogenic reaction with anti Ig-G
secondary antibodies conjugated with alkaline phosphatase (BioRad, Hercules, CA). The blots
were scanned with an HP-scanner and quantified with an NIH Imaging program.  
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Photosynthetic Apparatus Activity Measurements

The concentration of functional PSI and PSII reaction centers was estimated from the
amounts of P700 and QA, respectively, present in the various samples.  The amounts of P700 and
QA were determined from the amplitude of the light-minus-dark absorbance change at λ=700 nm
(∆A700) and at λ =320 nm (∆A320), respectively [Melis 1989, Smith et al. 1990]. The functional
Chl antenna size of PSI and PSII was measured from the kinetics of P700 photooxidation and QA
photoreduction, respectively [Melis and Anderson 1983, Melis 1989].

The initial non-variable (Fo), variable (Fv) and maximum (Fmax) yield of chlorophyll
fluorescence was measured with intact cells suspended in their growth medium.   Actinic excitation
was provided in the green region of the spectrum by CS 4-96 and CS 3-69 Corning filters at an
intensity of 35 µmol photons m-2 s-1.

Photosynthetic activity of the cells was assessed from measurements of the light saturation
curve of photosynthesis, obtained with a Clark-type oxygen electrode as described earlier [Melis et
al. 1997]. Actinic excitation was provided in the yellow region of the spectrum by CS 3-69
Corning filter in combination with a 35-5453 VIQ 5-8 Ealing filter.

DNA Insertional Mutagenesis of C. reinhardtii

Strain CC425 was used as the host strain to generate nuclear transformants of
Chlamydomonas reinhardtii.  CC425 was grown in TAP medium supplemented with 50 µg mL-1 of
arginine at ~50 µmol photons m-2 s-1. Plasmid pJD67, containing the argininosuccinate lyase
(ARG7) gene [Debuchy et al. 1989], was linearized with HindIII and subsequently used to
transform strain CC425 by a procedure similar to that described by Davies et al. [1994, 1996].
Arg+ transformants were selected on TAP agar media lacking arginine. A library of 6,500
independent nuclear transformants were generated with the Arg+ phenotype in C. reinhardtii and
maintained on grid in 175 TAP agar index plates. Independent transformant colonies were streaked
onto TAP agar index plates and grown to a size of ~10 mm2 under cool-white fluorescent
illumination of ~50 µmol photons m-2 s-1 intensity.  Subsequently, plates were transferred to weak
light (5 µmol photons m-2 s-1) until further processing.

Screening of Transformants by Fluorescence Video Imaging Analysis

C. reinhardtii transformants on TAP agar index plates were screened for aberrant
chlorophyll fluorescence yield properties via a fluorescence video imaging apparatus [Niyogi et al.
1997]. Prior to screening, the index plates were kept under a light intensity of about 10 µmol
photons m-2 s-1 for at least 18 h.  Actinic illumination of ~ 2,000 µmol photons m -2 s-1, sufficient to
induce the Fmax emission from the algal colonies, was employed in this fluorescence video imaging
analysis. The actinic illumination was administered for a period of 1 s and the resulting
fluorescence images were captured by the digital video camera of the apparatus.  From the
displayed color image, transformants with a yield of Chl fluorescence either lower or greater than
the control were identified. Color images of chlorophyll fluorescence were calibrated with the
CC425 host strain prior to screening the mutant index plates.

Transformants showing fluorescence yields either lower or greater than the control were
identified, isolated from the index plates and tested for photoautotrophic growth in HS media (agar
plates as well as liquid media) under low illumination conditions.



5

Results

Isolation of DNA Insertional Transformants with Aberrant Chlorophyll
Fluorescence

Figure 1  shows a fluorescence video image of an index plate containing 24
Chlamydomonas reinhardtii DNA insertional transformants.  All colonies, except one, displayed
Chl fluorescence yields similar to that of the control (greenish color).  The exception was a colony
in position “g-3”, which showed a substantially lower yield of Chl fluorescence (blue-violet
color).  From 6,500 transformants that were screened with this fluorescence video imaging
technology, 129 transformant colonies displayed Chl fluorescence yield properties similar to that of
the colony in position “g-3”.  The lower yield of Chl fluorescence from such colonies may be a
consequence of a truncated Chl antenna size for the photosystems in these transformants. These
colonies were selected for further study.

Figure 2  shows a fluorescence video image of an index plate containing 33
Chlamydomonas reinhardtii DNA insertional transformants.   All colonies, except one, displayed
chlorophyll fluorescence yields similar to that of the control.  The exception in this case was a
colony in position “c-4”, which showed a substantially greater yield of Chl fluorescence (red
color).  From 6,500 transformants that were screened with this fluorescence video imaging
technology, 26 transformant colonies displayed a high chlorophyll fluorescence yield, similar to
that of the colony in position “c-4”. The significantly greater yield of Chl fluorescence in these
colonies may signify an unusually large Chl antenna size for the photosystems in these
transformants. These transformants may be impaired in the regulation of the Chl antenna size in a
way that causes the unregulated formation of large Chl antenna sizes in the cells. Such impairment
is useful because it may lead to the genes that regulate the Chl antenna size of photosynthesis.
Colonies with a high yield of Chl fluorescence were also selected for further study.

Table 1 shows initial characterization of a small fraction of the isolated transformants.
Strain # 1 was the “control”, strains # 2-6 were DNA insertional transformants that displayed
relatively low Chl fluorescence, and strain # 7 was a transformant with a relatively high Chl
fluorescence. The Chl content of the cells and the Chl a/Chl b ratio were measured following strain
cultivation in a small volume of liquid culture.  A common feature of these transformants was the
significantly lower than the control Chl content of the cells.  Interestingly, this was the case for the
five low-Chl fluorescence (strains # 2-6) as well as the sole high Chl fluorescence strain (# 7).

Table 1. Chlamydomonas reinhardtii DNA insertional transformants with
aberrant chlorophyll fluorescence properties.

Strain
Number

Cell type/
Mutant No.

Fluorescence
intensity

Chl/cell,
x10 -15

mol/cell

Chl a /Chl b
ratio

1 control control 6.7 2.7/1
2 Chl b-less very low 3.4 infinity
3 KS-061-16 very low 0.9 5.8/1
4 KS-032-18 low 2.3 2.8/1
5 KS-017-04 low 2.2 2.5/1
6 KS-009-23 low 3.3 2.4/1
7 KS-032-27 high 2.2 2.2/1
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Figure 1 – Fluorescence Video Imaging Analysis of C. reinhardtii
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Figure 2 – Fluorescence Video Imaging Analysis of C. reinhardtii

The intensity of Chl fluorescence by the transformant strains was calibrated against
that of the control.  Green color signifies Chl fluorescence yield similar to that of the

control, blue-violet is lower and red is higher yield of Chl fluorescence.
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Measurements of the Chl a/Chl b ratio (Table 1) showed that strain # 2 [Tanaka et al. 1998]
was aberrant in Chl b biosynthesis (Chl b-less mutant).  Strain # 3 had a Chl a/Chl b ratio of 5.8/1
(Chl-deficient mutant), whereas strains # 4-7 had either similar or lower than the control Chl a/Chl
b ratios.  It is obvious that strains # 2 and # 3 are good candidates of a truncated Chl antenna size
and, therefore, suitable for the objectives of the DOE H2 program. The work below provides a
more detailed characterization of the Chl b-less transformant (strain # 2, Table 1). Work currently
in progress seeks to also characterize the remainder of the isolated transformants.

Photochemical Apparatus Organization in Control and Chl b-less Mutant

Table 2  shows the result of quantitative measurements of P700 and QA in isolated
thylakoid membranes. Control C. reinhardtii exhibited a P700/Chl ratio of 2.14/1 (mmol/mol) and
a QA/Chl ratio of 1.96/1. Relative to total Chl, the Chl b-less mutant had a greater content in P700
and QA (P700/Chl=3.1/1 and QA/Chl=2.95/1).  This is consistent with a depletion of Chl from the
Chl antenna of this mutant. The ratio of QA/P700 provided an estimate of PSII/PSI ratio in the
thylakoid membrane of the two strains. This ratio was 0.92:1 for the control and 0.95:1 for Chl b-
less (Table 2). The efficiency of PSII primary photochemistry was also estimated from the in vivo
variable to maximal Chl fluorescence (Fv/Fmax) yield ratio [Kitajima and Butler 1975].  This ratio
was 0.65 for the control and 0.52 for the Chl b-less mutant.

Table 2: Photochemical apparatus organization in control and Chl b-less
mutant of C. reinhardtii.

The standard deviation of the mean is given for n=3-5.

Parameter measured control Chl b-less

P700/Chl (mmol/mol) 2.14±0.13 3.1±0.28

Q A/Chl (mmol/mol) 1.96±0.03 2.95±0.22

PSII/PSI (mol/mol) 0.92 0.95

Fv/Fmax 0.65±0.06 0.52±0.02

Determination of the Chl Antenna Size of PSII and PSI

Chlorophyll antenna sizes were estimated from the kinetics of the primary photochemical
activity of PSII (chlorophyll fluorescence induction) and PSI (P700 photooxidation) upon
illumination of the samples by continuous green actinic light of limiting intensity [Melis and
Anderson 1983].  In this approach, functional Chl antenna sizes are assigned to each photosystem
in direct proportion to the rate of the respective photochemical activity [Melis 1989].  Figure 3
(left panels) shows light-induced changes in the absorbance of the reaction center P700 at λ=700
nm, occurring as a result of P700 photooxidation in thylakoid membranes of control and the Chl b-
less mutant. Figure 3 (right panels) shows the respective semilogarithmic plots of the ∆A700
kinetics, revealing single exponential functions of time with rate constants KPSI of 9.0 s-1 for
control and 7.0 s-1 for the Chl b-less mutant. The slower P700 photooxidation kinetics for the Chl
b-less mutant suggest a slightly smaller PSI Chl antenna size than in the control.
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0.55 s
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Chl b-less Chl b-less

Figure 3 – Light-induced absorbance change measurements
(Left panels) Kinetics of P700 photooxidation(∆A700) with thylakoid membranes of control and a

Chl b-less mutant of C. reinhardtii. Upper trace, control; lower trace, Chl b-less mutant.
(Right panels) Corresponding semilogarithmic plot of the∆A700 kinetics.

Figure 4 (left panels) shows light-induced fluorescence induction kinetics, the variable
part of which reflects the photoreduction of QA in the thylakoid membranes of control and the Chl
b-less mutant [Melis and Duysens 1979]. The fluorescence induction kinetics of the control strain
were faster than that of the Chl b-less mutant, suggesting a larger PSII Chl antenna size for the
former. Figure 4 (right panels) shows the respective semilogarithmic plots of the area over
fluorescence induction kinetics.  This parameter (area over fluorescence) is directly proportional to
the amount of QA that becomes photoreduced [Melis and Duysens 1979, Melis 1989].  The
analysis (Fig. 4, right panels) revealed biphasic QA reduction kinetics for the control, occurring
with rate constants Kα=9.7 s-1 and Kβ=4.0 s-1. These biphasic kinetics reflect a PSII heterogeneity
and the existence of two populations of PSII (PSIIα and PSIIβ) with significantly different Chl
antenna sizes. In the Chl b-less mutant, QA photoreduction occurred as a single exponential
function of time with rate constant kPSII=2.9 s-1, suggesting lack of PSII heterogeneity and the
occurrence of a uniform and small Chl antenna size for the mutant. Heterogeneity in the PSII Chl
antenna size is well known in the literature [Melis 1991, Lavergne and Briantais 1996]. The
relative amounts of PSIIα and PSIIβ centers in the control strain were 41% and 59%, respectively.
In contrast to the control, the kinetic analysis of the fluorescence induction revealed only a slow,
monophasic first order function of time for the Chl b-less mutant (Fig. 4, right panel). This is
evidence for only one population of photosystem II with a uniform Chl antenna size in this mutant.
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Figure 4 – Chlorophyll fluorescence induction measurements
Left panels: Chl fluorescence induction kinetics of control (upper) and a Chl b-
less mutant (lower). Right panels: Corresponding semilogarithmic plots of the

area over the fluorescence induction curve.

From the measured kinetics of P700 photooxidation and “area over fluorescence induction”
we determined the functional chlorophyll antenna size of PSI and PSII, respectively [Melis 1989],
for the control and Chl b-less mutant (Table 3).

Table 3: Chl Antenna Size of PSII and PSI in control and a Chl b-less
mutant.

Number of chlorophyll molecules per reaction center.

Photosystem control Chl b-less

PSIIα 322 -

PSIIβ 127 -

PSII - 93

PSI 290 246
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The functional Chl antenna size of PSIIα and PSIIβ in the control was determined to be 322
and 127 Chl molecules, respectively, with 93 Chl molecules in PSII of the Chl b-less mutant.  The
drastic reduction in the PSII Chl antenna size of the mutant was evidently caused by the lack of Chl
b.  In contrast, the PSI Chl antenna size of 246 Chl molecules in the Chl b-less mutant was only
slightly smaller than the 290 Chl measured in the control. It is concluded that the major portion of
LHC-I complexes can assemble and functionally associate with PSI in the absence of Chl b.

Characterization of the Light-Harvesting Complex Proteins of the
Photosystems in Control and Chl b-less Mutant

The results described above show a truncated Chl antenna size for PSI and PSII in the Chl
b-less mutant. Consequently, the amount of light harvesting complex proteins should be
accordingly reduced in the mutant relative to the control. The amount and composition of the LHC
proteins was determined in western blots by using polyclonal antibodies that cross-react with the
LHC proteins of both PSII and PSI [Bassi and Wollman 1991, Bassi et al. 1992]. Figure 5
shows the cross-reaction of at least 8 protein bands with these polyclonal antibodies.  These bands
originated either from LHC-II or LHC-I polypeptides.  

control Chl b-less

Figure 5 – Western Blot Analysis of Chl Antenna Proteins
Thylakoid membrane proteins were isolated from control and Chl b-less C. reinhardtii.   Arrows

mark the position of the major constituents of the LHC-II.

A comparison between control and Chl b-less in Fig. 5 revealed that the thylakoid
membranes of the Chl b-less mutant contained all LHC proteins. However, loss of Chl b is
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correlated with a reduction in the amount of the major LHC-II proteins (shown by arrow in Fig. 5)
[Webb and Melis 1995, Tanaka and Melis 1997]. Since the major LHC-II proteins form the
peripheral antenna of PSII, the reduction in their amount is consistent with the spectrophotometric
and kinetic results (Table 3) showing a truncated Chl antenna size for PSII in the Chl b-less strain.

Measurements of Photosynthetic Capacity

A measure of photosynthetic efficiency and productivity can be obtained from the light-
saturation curve of photosynthesis.  This type of analysis is necessary and sufficient for the
measurement of the vital signs of photosynthesis [Melis et al. 1999]. In such measurements, the
rate of O2 evolution, when plotted as a function of irradiance, first increases linearly and then levels
off as the saturating irradiance (Is) is approached [Neale et al. 1993].  The slope of the initial linear
increase provides information about the photon use efficiency of photosynthesis (estimated from
the number of O2 evolved per photon absorbed [Björkman and Demmig 1987, Neale et al. 1993].
The rate of photosynthesis is saturated at irradiances greater than Is.  This light-saturated rate (Pmax)
provides a measure of the capacity of photosynthesis for the particular sample [Powles and
Critchley 1980].  Figure 6 shows the light saturation curve of photosynthesis for control and the
Chl b-less mutant.  Control cells showed a light-saturated rate of photosynthesis (Pmax) of ~30
mmol O2 (mol Chl)-1 s-1 with Is = ~ 400 µmol photons m-2 s-1.  The Chl b-less mutant reached a Pmax
of ~90 mmol O2 (mol Chl)-1 s-1, i.e., ~3 times greater than that of the control.  This difference is
attributed to the smaller Chl antenna size for the HL-grown cells, translating into higher per Chl
productivity of the culture.  Consistent with this interpretation is also the difference in the Is values
which was ~3 times greater for the Chl b-less mutant than for the control.  
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Figure 6 – The light-saturation curve of photosynthesis
Rates of oxygen evolution on a per Chl basis. Note the similar initial slopes and the

different light-saturated rates between control and Chl b-less mutant.
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Fig. 6 also compares the initial linear portion of the light-saturation curves for the two
strains.  It is obvious that the initial slopes, which provide a measure of the photon use efficiency
of photosynthesis, are similar in the two samples, suggesting that both samples exhibit a similar
‘photon use efficiency’ of photosynthesis.  It is concluded that the smaller Chl antenna size in the
Chl b-less mutant does not introduce an adverse effect on the efficiency of photosynthesis under
low light-intensity conditions.

Discussion

Work in several laboratories established that the size and composition of the light-
harvesting Chl antenna of the photosystems is adjusted and optimized depending on the prevailing
growth and irradiance conditions (reviewed in [Anderson 1986, Melis 1991, Melis 1996]).  In
general, growth under low light promotes larger Chl antenna size for both PSI and PSII (larger
photosynthetic unit size).  High-light growth conditions elicit a smaller Chl antenna size.  This
adjustment in the Chl antenna size of the photosystems comes about because of regulated changes
in the size and composition of the auxiliary Chl a-b light-harvesting complex (LHC-II and LHC-I)
[Leong and Anderson 1984, Larsson et al. 1987, Sukenik et al. 1988, Morrissey et al. 1989,
Smith et al. 1990, Mawson et al. 1994].  The response appears to be highly conserved in all
photosynthetic organisms examined, suggesting the existence of a highly conserved
regulatory mechanism that controls the development of the Chl antenna size in the
photosystems.  

Mechanistic details of this regulatory mechanism are not known.  The regulation could
occur at several different steps in the pathway of chlorophyll biosynthesis [Matters and Beale
1995, Reinbothe et al. 1996, Fujita 1996, Falbel et al. 1996, Ohtsuka et al. 1997] resulting in less
tetrapyrrole biosynthesis under high irradiance than under low irradiance.  In turn, Chl availability
may determine the priority of Chl-protein assembly in the chloroplast.  According to Greene et al.
[1988], Chl-protein assembly occurs with the following distinct hierarchy: PSII-core>PSI-
core>LHC-monomers>LHC-inner trimers>LHC-peripheral trimers.  A limited availability of Chl
under moderate or high irradiance may permit the assembly of the PSII- and PSI-core complexes.
However, lack of sufficient Chl will not be conducive to the assembly of LHC-peripheral trimers,
resulting in a smaller Chl antenna size.  

The present work employed a mutagenesis approach, based on the random insertion of
tagged DNA into C. reinhardtii cells, by which to impair the Chl antenna size regulation
mechanism.  This procedure, along with the stringent screening employed (Fig.1 and Fig. 2), will
help to unlock the “black box” of the developmental regulation of the Chl antenna size in
microalgae.  Thus, it is expected that mutants with a permanently truncated Chl antenna size, as
well as mutants with a permanently large Chl antenna, will be isolated (Table 1). The advantage
of this molecular genetic approach is that it will lead to the identification of genes
responsible for the operation of this highly conserved regulatory mechanism.
Identification of these genes in C. reinhardtii will permit the direct manipulation
of the Chl antenna size in other microalgae that may be of equal interest to the
DOE Hydrogen Program.

In green algae, the largest Chl antenna configurations reported contain about 500 Chl (a and
b) for PSII and 350 Chl (a and b) for PSI [Melis 1996].  The smallest stable Chl antenna
configurations for the photosystems are the so-called PSII-core complex (containing 37 Chl a
molecules) and PSI-core complex (containing 95 Chl a molecules).  These core-complexes with a
minimal Chl antenna size are necessary and sufficient for the stable assembly of functional PSII
and PSI in thylakoids [Glick and Melis 1988].   The goal of this project is to generate,
through the application of molecular genetic approaches, green algae with Chl
antenna configurations that are as close to the “core” antennae as possible.  
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Earlier work showed that Dunaliella salina (green algae), grown under continuous
illumination of high intensity, had a highly truncated Chl antenna size where PSII contained ~ 60
Chl and PSI contained 105 Chl molecules [Smith et al. 1990, Neidhardt et al. 1998].  Functional
analysis of these algae provided a “proof of concept”, i.e., the ability of the internal chloroplast
regulatory mechanism to generate highly truncated Chl antenna sizes [Neidhardt et al. 1998], and
the optimization of photosynthetic productivity and solar conversion efficiency in microalgae by
minimizing the light-harvesting chlorophyll antenna size of the photosystems [Melis at al. 1999].  

The present work illustrates in some detail the result of a unique mutation, one that
impaired the biosynthesis of Chl b and resulted in a truncated Chl antenna size for the
photosystems [Tanaka et al. 1998].  In the present Chl b-less mutant, PSII contained 93 Chl a
molecules and PSI contained 246 Chl a molecules (Table 3).  These antenna sizes are significantly
larger than the PSII-core and PSI-core antennae, suggesting that Chl b may not be absolutely
essential for the assembly of all Chl a-b light-harvesting complexes (see also [Ghirardi et al.
1986]).  This was especially true for PSI which, in the Chl b-less mutant, had a Chl antenna size
almost as large as that of the control (Table 3).  It may be concluded that the Chl b–less mutation
can be overcome by a nearly quantitative substitution of Chl b with Chl a in the Chl antenna of
PSI, and by a partial substitution by Chl a in the antenna of PSII.  

An explanation of the peculiar features of the PSII and PSI antenna configuration in the Chl
b-less mutant may be provided upon consideration of the role of Chl b in these complexes. This
pigment is associated exclusively with the LHC proteins of the two photosystems. Since the core
complex of PSII contains only about 37 Chl a molecules [Glick and Melis 1988], it follows that the
remaining ~56 Chl a molecules in PSII of the Chl b-less mutant must be associated with LHC-II
proteins. Based on the assumption of ~12 Chl molecules per Lhcb protein in C. reinhardtii
[Thornber et al. 1988, Morrissey et al. 1989, Bassi and Wollman 1991, Harrison and Melis 1992],
we estimated that 4-5 LHC-II proteins are assembled and functionally associated with PSII.

Conversely, the core complex of PSI contains about 95 Chl a molecules [Glick and Melis
1988]. Since PSI in the Chl b-less mutant contains 246 Chl a molecules, it follows that about 150
Chl a molecules must be associated with LHC-I proteins. Based on the assumption of ~10 Chl
molecules per Lhca protein in PSI [Thornber et al. 1988], we estimated that about 15 LHC-I
proteins must be assembled and functionally associated with PSI in the absence of Chl b.
Consistent with these conclusions are the western blot results with polyclonal LHC antibodies
(Fig. 5) which showed the presence of significant amounts of LHC proteins in thylakoid
membranes isolated from Chl b-less cells.

In summary, the work clearly shows that a permanently truncated Chl antenna size
in green algae can be achieved through the application of DNA insertional mutagenesis and
related molecular genetic techniques. It is shown that cells with a permanently truncated Chl
antenna size of the photosystems are capable of higher rates of light-saturated oxygen evolution
than the wild type. From the preliminary results presented in this report, it is also concluded that a
Chl b–less mutation does not lead to the maximum truncation of the PSII and PSI Chl antenna size
in the green alga C. reinhardtii. Rather, given the stable assembly of the LHC without Chl b, it
appears that the absence of Chl b can be overcome, presumably through a nearly quantitative
substitution of Chl b by Chl a in PSI, and through a limited substitution by Chl a in PSII [Sukenik
et al. 1987, Tanaka and Melis 1997].  

Since the absence of Chl b does not lead to the minimum possible Chl antenna size of the
photosystems, it is important to continue to test and analyze transformants in which impairment in
the regulation of the Chl antenna size has brought about a highly truncated Chl antenna size for the
two photosystems.  Accordingly, plans for future work include the analysis of additional
transformants in search of the smallest possible Chl antenna size for PSII and PSI, and the cloning
and sequencing of the genes that regulate the Chl antenna size of photosynthesis.  
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Abstract

Reversible hydrogenases are enzymes which can reversibly produce molecular
hydrogen from hydrogen ions.  The overall objective of this project is to genetically
transform certain high hydrogen producing strains of cyanobacteria with cloned reversible
hydrogenase genes derived from well characterized cyanobacterial species.  Within the
past few years, several reversible hydrogenase gene clusters have been sequenced
(Anacystis nidulans, Synechocystis PCC 6803, and Anabaena variabilis), and these
sequences are available from GenBank.  Based on the sequences, suitable PCR primers
will be synthesized and used to amplify them.  These will then be cloned into E. coli with
the use of a commercially available cloning vector.  Upon the successful cloning of the
reversible hydrogenase gene clusters, these will be placed in a shuttle vector which can
replicate in both E. coli  and a given strain of cyanobacteria.  The shuttle vector containing
the reversible hydrogenase gene cluster will be introduced back into the cyanobacterial
strain from which the cluster originated in the anticipation that the resulting higher copy
number of the reversible hydrogenase genes will cause an increase in the reversible
hydrogenase protein and in turn an increase in hydrogen production.  The hydrogen
production of the transformed cyanobacterial strain will be measured by gas
chromatography.  In addition, the amplified reversible hydrogenase gene cluster of a
given strain will be introduced into the other cyanobacterial strains which contain a
known cluster, and their hydrogen production measured.  This will establish whether the
reversible hydrogenase gene cluster of a particular strain can augment and complement
the function of the gene cluster of a different strain in such a way as to increase the
production of hydrogen.  Finally, the cloned reversible hydrogenase gene clusters will be
introduced into certain strains of nitrogen fixing cyanobacteria which already have a high
rate of hydrogen production from their nitrogenase enzyme.  The hydrogen production of



the genetically transformed cyanobacteria will be measured by gas chromatography in
order to determine if the reversible hydrogenase can complement and supplement the
function of nitrogenase in a manner which increases the production of hydrogen.

Introduction

One attractive method for the production of hydrogen gas is the conversion of
solar energy to H2 by algal cells.  This process, often called photobiological H2
production, occurs in eukaryotic algae, prokaryotic cyanobacteria, and photosynthetic
bacteria.  Cyanobacteria can grow on simple mineral salts with light as the energy source,
CO2 as their carbon source, and water as an electron source and reductant (Rao and Hall,
1996).  We propose to genetically manipulate cyanobacteria to increase their production
of hydrogen gas.

The cyanobacteria, unlike the green algae, have two sets of enzymes that generate
hydrogen gas.  The first one is nitrogenase and it is found in the heterocyst of
heterocystous cyanobacteria when these are grown under nitrogen limiting conditions.
As a product of fixing nitrogen gas to ammonia, H2 is produced.  However, the reaction
has a high ATP requirement, and this in turn lowers the potential solar energy conversion
efficiency to low levels (Benemann, 1996).  Also, nitrogenase is highly sensitive to O2.
Despite this, our culture collection contains strains of nitrogen fixing cyanobacteria which
have a high hydrogen producing capability and an increased resistance to O2 (Kumazawa
and Mitsui, 1989; Luo and Brand, 1997).  These cyanobacteria make potentially excellent
candidates for genetic manipulation in an attempt to further increase their hydrogen
production.

The other hydrogen producing enzyme in cyanobacteria is hydrogenase and
actually consists of two distinct enzymes in many species.  The first is uptake
hydrogenase, and it only has the ability to oxidize H2.  The enzyme is found in the
membranes of heterocysts, where it transfers the electrons from H2 to the reduction of O2
via the respiratory chain in a reaction known as oxyhydrogen or Knallgas reaction.  The
concomitant generation of ATP can be used for further nitrogen fixation.  The H2 can also
be used by the uptake hydrogenase to generate low potential reductants for N2 fixation
(Adams et al., 1981; Schmetterer, 1994).  The other hydrogenase of cyanobacteria is
reversible or bidirectional hydrogenase and as the name implies, it can either take up or
produce H2.   Although its specific physiological function is not known, in Anacystis
nidulans where it has been best studied, the reversible hydrogenase is associated with the
cytoplasmic membrane and is assumed to function as an electron acceptor from both
NADH and H2 (references in Boison et al., 1998).

The reversible hydrogenase is a multimeric enzyme consisting of either four or
five different subunits, apparently depending on the species (Fig. 1) [Schmitz et al., 1995;
Boison et al., 1998].  In Anabaena variabilis, four genes (hoxH, hoxY, hoxU, and hoxF)
have been isolated and sequenced (Schmitz et al., 1995).  In Anacystis nidulans however,
Boison et al. (1996, 1998) identified and sequenced a fifth gene called hoxE in addition to
the four genes mentioned above.  Interestingly, hoxE can not be detected in the genome
of Anabaena variabilis by heterologous hybridization with a hoxE probe from Anacystis
nidulans  even though the other reversible hydrogenase subunits show a high homology



at the amino acid level (Boison et al., 1998).

Figure 1. Gene clusters of the bidirectional hydrogenase of Anacystis 
    nidulans, Synechocystis PCC 6803, and Anabaene
    variabilis (figure from Boison et al., 1998)

They mention that hoxE in addition to the four other genes has also been identified and
sequenced in Synechocystis PCC6803.  In Anabaena variabilis and Synechocystis
PCC6803, the genes coding for the reversible hydrogenase all occur on the same segment
of DNA.  For Anacystis nidulans  however, the genes hoxE and hoxF are located on a
segment of DNA which is separated by over 16 kb of intervening DNA from the segment
which contains the genes hoxU, hoxY, and hoxH (Boison et al., 1998).  The sequenced
DNA segment which contains the genes hoxU, hoxY, and hoxH, also contains the
accessory genes hoxW, hypA, hypB, and hypF.  The precise function of these genes are
not known but they are believed to be involved in the maturation process of the
hydrogenase.  As one of our goals, we propose to amplify by PCR the segments which
contain the reversible hydrogenase genes of the various species, and introduce these into
various species of cyanobacteria through genetic transformation, including the high
hydrogen producers in our collection, in order to increase their reversible hydrogenase
gene copy number and thereby increase their hydrogen production.



Preliminary data

The various high H2 photoproducers in the culture collection can serve as a
standard by which the genetically transformed strains will be compared.  The first steps in
the goal of cloning the reversible hydrogenase genes have been undertaken.  After
attempting several unsuccessful methods, high molecular weight DNA was isolated from
a variety of cyanobacteria of the genus Anabaena  and Synechococcus  by a modification
of the method from van den Hondel described by Lambert and Carr (1982).  The isolation
of high molecular weight DNA is of the utmost importance since the reversible
hydrogenase gene clusters reside on long fragments of DNA which in the case of
Anabaena variabilis  is 8.9 kb long (Fig. 1)[Schmitz et al., 1995].  The modified van den
Hondel method also allows for the isolation of plasmid DNA.  If a particular plasmid from
a species is desired, the entire DNA of the cyanobacteria can be isolated, the recovered
DNA electrophoresed on a gel, and the plasmid band extracted from the gel.  In addition
to isolating the desired DNA, the putative PCR primers which will be used to amplify the
reversible hydrogenase gene clusters, are in the process of being identified with the use of
the computer program OLIGO.  These primers will then be used to initiate the PCR
protocol.

Future Work

Our proposed future work is indicated in Table 1 below, along with the
approximate time required for their completion:



Table 1. Proposed future work and times needed for their completion

tasks                                                                                                 time (months)

1)isolate DNA from Anacystis nidulans,
   Synechocystis PCC 6803, and Anabaena 3
   variabilis

2)PCR amplification of reversible
    hydrogenase gene clusters  3

3)cloning of gene clusters in Escherichia coli 3

4)preselection of clones in Escherichia coli                        6

5)construction of shuttle vector for Anacystis
   nidulans,Synechocystis PCC 6803, and                            12
   Anabaena variabilis

6)cloning of gene clusters in Anacystis
   nidulans,Synechocystis PCC 6803, and                        18
   Anabaena variabilis

7)testing by gas chromatography of
   increased hydrogen producing clones
   of Anacystis nidulans,Synechocystis                                  21
   PCC 6803, and Anabaena variabilis

8)construction of shuttle vector for selected
   strains in culture collection                                   27

9)cloning of gene clusters in selected
   strains of culture collection                              33

10)testing by gas chromatography of
      increased hydrogen producing clones          36
      of  selected strains in culture collection

11)maintenance of culture collection                        36
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Abstract

Current fundamental bottlenecks to developing long-lasting high-efficiency
photoelectrochemical systems for fuel production are a) poor matching of the
semiconductor bandgap with the solar spectra, b) instability of the semiconductor in the
aqueous phase, c) energetic mismatch between the semiconductor band edges and the
electrochemical reactions of interest, and d) poor kinetics of the H2 generation reaction.
Our studies this year to address these issues focused on new nitride semiconducting
materials for increased stability, and metal ion surface treatments for control of band edge
energetics. We also performed experiments directed at the determination of the realizable
efficiency for PEC water splitting systems.



Introduction

The direct photoelectrolysis of water has been termed the “Holy Grail of
Photoelectrochemistry”. This is the process whereby light, illuminating a semiconductor,
is used to split water into hydrogen and oxygen. The incident light, absorbed in a
semiconductor electrode, splits the water directly. A one-step monolithic system
eliminates the need to generate electricity externally and subsequently feed it to an
electrolyzer. Since current commercial electrolysers suffer from high capital costs, they
are a major contributor to the cost of electrolytically produced hydrogen. Combining the
electrolyser with the PV system eliminates one of the high cost components of a PV-
hydrogen generation system. This type of monolithic system also reduces semiconductor
processing since surface contacts, interconnects and wiring are no longer necessary. This
configuration requires only the piping necessary for the transport of hydrogen to an
external storage system or gas pipeline.

The major road blocks in doing direct photoelectrolysis of water are well known. The
main problems are efficient light absorption (for reasonable solar efficiencies, the
bandgap must be less than 2.0 eV), corrosion of the semiconductor (most useful
semiconductors are thermodynamically unstable in water), and energetics (the matching
of the semiconductor band edge energies with the hydrogen and oxygen evolution
reactions). The most stable semiconductors in aqueous solution are oxides, but their
bandgaps are either too large for efficient light absorption, or their semiconductor
characteristics are poor. Semiconductors with better solid state characteristics are
typically thermodynamically unstable with respect to oxidation.

Figure 1 gives the energetic picture for a semiconductor electrode immersed in an
aqueous electrolyte (a photoelectrolysis system). Hydrogen is produced at the surface of
an illuminated p-type semiconductor; oxygen is produced at the surface of an illuminated
n-type semiconductor.  This occurs due to injection of electrons into the solution (for p-
type) or because holes (electron vacancies) appear at the semiconductor/electrolyte
interface (for n-type).  The other component of water, oxygen or hydrogen is produced at
a separate electrode. Either system, n- or p-type, would have the same efficiency for
water splitting. However, photo-generated holes can be considered strong oxidizing
agents and may oxidize the semiconductor itself, causing decomposition. Stability then
depends on the competition between semiconductor decomposition and water oxidation
or reduction. The most stable situation is the p-type semiconductor where electron flow is
directed towards the illuminated side effecting the evolution of hydrogen. The p-type
semiconductors offer some protection against photocorrision, because under illumination
the surface is cathodically protected. Oxygen evolution at the surface of the
semiconductor, therefore, is a less desirable situation. Systems based on n-type electrodes
therefore are inherently less stable than systems based on p-type electrodes.
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For a one-step process to be viable, the light harvesting system must generate sufficient
voltage to effect the decomposition of water, and the system must be stable in an aqueous
environment.  Splitting water into hydrogen and oxygen requires a thermodynamic
potential of 1.229 eV at 25°C.  At current densities appropriate to normal sunlight
intensities (10-20 mA/cm2), typical values of the overvoltage for the cathode (hydrogen
evolving) and anode (oxygen evolving) reactions are 50 mV and 275 mV respectively.  A
potential then, of at least 1.6 V, is required for a water splitting system. For a single gap
semiconductor based direct conversion water splitting system, the fundamental
requirement of at least 1.6 V coupled with the internal losses from the semiconductor,
implies a minimum bandgap greater than 1.8 electron volts.  Catalysts are required on
both the hydrogen and oxygen evolving surfaces to speed up the redox reactions and
stabilize the semiconductor.

In earlier work, we identified p-type gallium indium phosphide (p-GaInP2) as perhaps an
ideal semiconductor for water splitting. While its bandgap was in the ideal range (1.83
eV), the energetics of its band edges were not correct for water splitting, needing an
additional 500mV bias. While it is possible to move the band edges to some extent, it is
still insufficient to effect water splitting.

Fig. 1. Energetics of p- and n-type semiconductors
immersed in aqueous electrolytes.



Band Edge Engineering

The flat-band potential and, therefore the energetics of the band edges of any
semiconductor/electrolyte system are controlled by the charge in the Helmholtz inner
layer.  Any change in charge in that layer changes the measured flat-band potential and
subsequently the energetics of the band edges.  The variation of the semiconductor flat-
band potential with pH is due to the change in the adsorbed charge (H+ and OH-) on the
electrode surface.  Adding negative charge (such as OH- ions) shifts the bands to more
negative potentials, whereas adsorption of a positive charge (such as H+ ions) shifts the
bands positive.

The ability to control the positions of semiconductor band edges at the
semiconductor/electrolyte interface is an indispensable prerequisite to align them with the
reaction of interest in solution (vide supra).  Simply put, it is desirable to be able to shift
the band edges of the semiconductor without changing the pH of the solution and to be
able to change the solution pH without affecting the semiconductor band edge positions.
Surface modification with transition-metal ions makes use of the former approach while
derivatization with organic molecules mainly relies on the latter approach.

Surface Modification Schemes

Surface modification schemes are chosen based on the likelihood of achieving one or
more of the following fundamental goals: a) control over the energetic positions of the
semiconductor band edges (band edge engineering), b) catalyze charge transfer across the
semiconductor/water interface and c) chemical and electrochemical stability of the
semiconductor surface in aqueous media.

Transition metal compounds have a rich chemistry both in terms of their ability to
catalyze reactions, and also in their varied state of charge.  Many modification schemes
are available that would allow us to attach these moieties to semiconductor surfaces.  Our
procedure involved immersing the bare, etched semiconductor surfaces into dilute
solutions of various transition metal ions.  In situ, physisorption or chemisorption of the
metal ions would be expected to create a layer of charges at the semiconductor surface
within the Helmholtz layer.  Adsorption of positively charged ions at the semiconductor
surface (within the Helmholtz layer) will shift the band edges positive.  Similarly,
negatively charged ions will shift the band edges negative.  Control over the extent of
band edge shift will be achieved by selecting the charge on each ion (monovalent,
divalent etc.) and by controlling how many ions adsorb on the surface, by selecting the
appropriate ion size and its concentration in the solution (Figure 2). Before adsorption, no
reaction can occur because the valance band edge is too positive to effect oxidation of
water. After adsorption of a positively charged metal ion, the band edges have shifted to
more positive potentials, allowing the oxidation of water to proceed. From our earlier
work, we know that for GaInP2 the band edges need to be shifted 0.1-0.4 V positive to
align its band edges with the H2/H2O and O2/H2O redox potentials
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Figure 2. Idealized band edge control by adsorption of charged metal ions.

Figure 3 shows the effect of adding Fe3+ to an acid solution with an illuminated p-GaInP2
electrode. A positive shift of 0.2 V in the onset of the photocurrent for hydrogen
production is noted (probably due to the specific adsorption of Fe2+).  This shows the
possibilities of this approach.
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               Figure 3. Photocurrent onset potential shift due to Fe+3 treatment.

In addition to the primary band edge control effect described above, the metal ions can
also exert a secondary effect.  It is known that the band edges for many semiconductors
shift under illumination due to accumulation of photogenerated charges at the interface
caused by poor rate of charge transfer across the semiconductor/liquid interface (Figure
4). Under illumination, the surface becomes negatively charges (due to the accumulation
of electrons at the surface) and the band edge shifts to more negative potentials. This is
exactly the opposite direction needed for this system.
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The catalytic ability of the metal ions (vide infra) prevent accumulation of charges at the
semiconductor interface and hence suppress the undesirable and uncontrollable band edge
shift under illumination. Transition metal ions can stabilize semiconductor surfaces by
effectively removing (catalyzing) photogenerated charges which may otherwise
participate in undesirable side reactions resulting in corrosion.

Nitride materials

Recent work in our laboratory with III-V materials has shown that it is possible to split
water with an efficiency greater than 12% utilizing a unique structure based on a
GaInP2/GaAs tandem system. Water is split directly upon illumination, using light as the
only energy input. This device is a PEC device, voltage-biased with an integrated PV
device. The GaAs cell generates the additional voltage needed to overcome the energetic
mismatch between the GaInP2 and the water oxidation/reduction reactions. Although the
efficiency of this system is high, the cost of the material is also high, leading to an
expensive water splitting system. In addition, while the system showed some stability, the
long-term stability is unknown. For a viable water splitting system, other materials need
to be explored.

Nitride semiconductors have been established as extremely promising candidate materials
for applications such as blue, green, and UV LEDs and lasers, solar blind photodetectors,
piezoelectric and electro-optic modulators, and high power electronics.  The market for
blue LED’s and lasers alone is driving an intense growth in research and development
focussed on these materials. It seems likely that the cost, availability, and quality of
nitride based thin film devices will all improve substantially in the next few years. In
addition, Group III-nitrides have not yet been investigated for use in hydrogen-evolving



solar cells. It is known that GaN is very chemically stable, so much so that device
fabricators have not been able to develop a suitable wet chemical etchant for it. It is also
known that the composition of InxGa1-xN can be adjusted to produce a band gap suitable
for solar applications. In order to decide whether the III-nitrides are suitable for use in
hydrogen-evolving solar cells, it must be determined whether they are electrochemically
stable and whether the dopants in the p-type material will be passivated by the hydrogen
evolution process. We have completed a preliminary investigation on these two subjects
using GaN.

The electrochemical stability of p-GaN was studied by examining the current-voltage
characteristics in 3 M H2SO4 and 0.1 M KOH solutions under conditions of room light
and intense (approximately 10 sun) illumination. Because the 3.4 eV band gap of GaN is
significantly larger than the energy of visible photons, testing in room light is essentially
the same as testing in darkness. Figure 5 shows the I-V data for a sample in 0.1 M KOH.

The positive voltage shift of the current reversal point under illumination is consistent
with the known cathodic protection that illumination provides to p-type semiconductors
in aqueous solutions. The cathodic current density is observed to increase significantly
under illumination, is attributed to hydrogen production at the semiconductor surface.
The anodic current density, is not so strongly affected by illumination and is attributed to
oxidation reactions. The anodic current densities measured for p-GaN are several orders
of magnitude lower than those for p-GaInP2, indicating that it is far more stable than p-
GaInP2 in basic solutions.

Early research on hydrogen-evolving solar cells showed that the carrier concentration in
TiO2 could be affected by absorption of hydrogen from electrolyte solutions. Research on
the growth of p-GaN has shown that the Mg dopant atoms are passivated upon exposure
of the material to NH3 at elevated temperatures. In order to determine whether the p-type
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Figure 5. Potentiodynamic scans for p-GaN in 0.1M KOH



doping of GaN can be passivated by during hydrogen evolution, the carrier
concentrations of different samples were measured before and after 4000 s of hydrogen
evolution in 3 M H2SO4, 1 M KOH, and pH 7 phosphate buffer. The hydrogen evolution
current as a function of time is shown for each of the three cases in Figure 6. For each
sample, illumination was provided by a 150 W Xe arc lamp. For all three solutions, Hall
measurement showed identical carrier concentrations (1.7 x 1017 cm-3 p-type) before and
after the hydrogen evolution session. This shows that exposure to hydrogen evolution in
acid, neutral, and basic aqueous solutions does not cause passivation of the Mg dopant
atoms in p-GaN.
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A notable feature of the hydrogen evolution plot in Figure 6 is that the hydrogen
evolution rate is not constant in time. The hydrogen current in the basic and neutral
solutions appears to be asymptotically approaching a steady state value, while the
hydrogen current in the acidic solution increases linearly with time over the 4000 s
measurement period. Although the changes in current are not on an order of magnitude
scale, which would indicate material instability, these smaller changes do indicate that
some surface modification of the p-GaN is occurring during the hydrogen evolution
process.

Efficiency of Direct Conversion Processes

The focus of the hydrogen production task is to generate hydrogen utilizing solar energy.
The efficiency of this process is extremely important because an area of land must be
covered and any efficiency losses must be made up by an increase in the collector area.

Figure 6: Hydrogen evolution current-time profile for p-GaN



This will ultimately have a significant impact on the overall cost of such a system. For
this work we are interest in looking at the factors that affect the overall efficiency of a
PEC solar-hydrogen generation system.

The efficiency of electrolysis can be defined as the chemical potential of hydrogen
divided by the voltage required for electrolysis. At the normal operating current density
of commercial electrolyzers (~1 A/cm2), this voltage ranges from 1.8-2.0 volts. An
electrolyzer, then operating at 1.9 volts operates with an energy efficiency of 65%
(1.23/1.9). Coupling this electrolysis efficiency with a 12% PV efficiency would give an
overall solar-to-hydrogen efficiency of 7.8%. To increase the electrolysis efficiency, one
must operate at a lower voltage. This requires better catalysts, or a decrease the current
density (which results in a decrease in the rate of hydrogen production). Increasing the
area of the electrodes in an electrolyzer would also reduce the current density, but costs
would increase due to an increase in the amount of material.

One of the major advantages of a direct conversion PEC system is that the area available
for electrolysis approximates that of the solar cell. At solar intensities, this current density
is 10-20 mA/cm2, depending on the type of cell. At these current densities, the voltage
required for electrolysis is much lower, and therefor the corresponding efficiency is much
higher. Figure 7, presents current-voltage curve for water splitting in an electrochemical
cell consisting of two Pt electrodes of identical area. At a current density similar to short
circuit photocurrent from a solar cell, hydrogen and oxygen generation is achieved at an
applied voltage of approximately 1.35 V, giving rise to an electrolysis efficiency of 91%.
Coupling this to a 12% efficient PV array leads to an overall solar-to-hydrogen efficiency
of 10.9%. This then is one of the advantages of a PEC hydrogen generation system, not
only does it eliminate most of the costs of the electrolyzer, it also has the possibility of
increasing the overall efficiency of the process.
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Figure 7. Current density vs. voltage curve for
water splitting with two identical Pt electrodes



The goal of this study was to quantify the efficiency gains from a direct conversion PEC
system. For this work, we used an integrated PV/electrolysis design to emulate a PEC
system. Unlike a direct conversion PEC system, an integrated PV/electrolysis system has
separated PV and electrolyzer parts (Fig 8). For these experiments, the area of the
electrolyzer system is identical to the area of the PV collector. These integrated systems
allow us to study the issues involving the effects of current density, solar intensity
variability, and light concentration on the overall efficiency for hydrogen production. In
this study we utilized an integrated PV/electrolysis design, based on two multijunction
solar cells: a highly efficient GaInP/GaAs cell and a low cost multijunction device based
on amorphous silicon (a-Si). Both cells are capable of generating voltage sufficient for
water splitting. It is demonstrated that this monolithic PV/electrolysis configuration can
lead to higher solar to hydrogen conversion efficiency than coupled systems involving
electrolyzers and photovoltaic solar cells.

2 M
KOH

tttttt

I

hν

Solar Cell Electrolyzer

In a practical application this PV/electrolysis system would operate at short circuit
conditions. For such a configuration, the efficiency for hydrogen production can be
calculated using the equation: efficiency = (power out)/(power in). The input power is the
incident light intensity of 100 mW/cm2.  For the output power, assuming 100%
photocurrent electrolysis efficiency, the hydrogen production photocurrent is multiplied

by 1.23 volts, the ideal fuel cell limit (lower heating value [LHV] of hydrogen). Using
this calculatation, our experimental results for the hydrogen production efficiency for the
n/pn/p-GaInP2/GaAs/(Pt)/2M KOH/Pt system is:

 1.23 V*13.4 mA/cm2/100 mW/cm2=16.5%

and for triple junction a-Si(Pt)/2M KOH/Pt it is:

 1.23V*6.4mA/cm2/100mW/cm2=7.8%.

Figure 8. Integrated solar cell-electrolyzer design



The value for the a-Si system is significant, in that this efficiency is realized by a PV cell
with only a 9% solar-to-electrical efficiency. Because of the lower current density, this
system is performing water electrolysis with an equivalent efficiency of 86% (effective
electrolysis voltage of 1.42 volts). This means that the maximum operating voltage of the
a-Si PV cell is close to that required for electrolysis.

On the other hand, the GaInP2/GaAs PV/electrolysis system operates at a much higher
voltage than is required for electrolysis at this current density. If the cell were operated at
its maximum power point, rather than at short circuit conditions, it would deliver
significant electrical power and thereby increase the total efficiency of the system. The
output power then can be calculated as (1.23-V)*i, where V and i, are bias voltage and
current density at maximum power point. For n/pn/p-GaInP2/GaAs/(Pt)/2M KOH/Pt
system, the maximum power point for water photoelectrolysis was at -0.57 V with a
current density of 13.1 mA/cm2. The total efficiency for then for simultaneous hydrogen
production and power generation is 23.6%. For maximum efficiency in a direct
conversion PEC device, this cell would require some modification to decrease the
operating voltage. Ideally, this would increase the photocurrent such that the overall
efficiency of 23% could be maintained.

An important characteristic of PV/electrolysis system is its ability to generate hydrogen
for during the day with a changing light intensity, in particular maintaining high solar-to-
hydrogen conversion efficiency under low sun insolation. Two possible reasons can
diminish the efficiency of hydrogen production: (1) the voltage generated by PV cell is
not sufficient for water splitting and (2) a current density in the system decreasing to the
extent that oxygen rather than water is be reduced at the cathode. Figure 9 shows
photocurrent during the day for the n/pn/p-GaInP2/GaAs/(Pt)/2M KOH/Pt cell operating
at short circuit condition.
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Note that the short circuit current follows the solar insolation during the day. A copious
amount of gas was evolved from both electrodes during the whole period. The efficiency
of hydrogen production in this experiment can be calculated as time integrated ratio of
(power in)/(power out). That would be 108mWh/cm2/659 mWh/cm2= 16.4%, where 659
mWh/cm2 is the solar radiation during the time of experiment. This result is in good
agreement with indoor measurements under similar conditions, indicating that hydrogen
was generated during the most of the day.

Goals

The goal of this research is to develop a stable, cost effective, photoelectrochemical
based system that split water upon illumination, producing hydrogen and oxygen directly,
using sunlight as the only energy input. We believe that for a commercial system, the
overall solar-to-hydrogen efficiency must be near 10%, with a lifetime of at least 10
years. The basis for our goals lies in the requirements for a viable photoelectroysis
device. We hope to accomplish our goals by (1) identifying and characterizing possible
semiconductors that have appropriate bandgaps and stability, (2) developing techniques
for the preparation of transparent catalytic coatings and their application to
semiconductor surfaces, (3) controling the semiconductor energetics so that the band
edges are matched for water splitting, (4) and promising multijunction cell systems that
generate sufficient voltage for the water splitting reaction such as our novel integrated
photovoltaic/photoelectrochemical system.
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BIOLOGICAL H2 FROM FUEL GASES AND FROM H2O

Pin-Ching Maness and Paul F. Weaver
National Renewable Energy Laboratory

Golden, CO  80401

Abstract

When photosynthetic bacteria Rhodocyclus gelatinosus and Rhodospirillum rubrum were
cultured with CO in the gas phase, a CO-linked pathway was quickly induced.  These bacteria
perform a water-gas shift reaction with CO and H2O, and produce H2 and CO2 in nearly
stoichiometric quantities.  The hydrogenase, a terminal enzyme of the linked pathway, is
extremely O2 resistant.  In order to further investigate its tolerance to O2, a mutant deficient in
the uptake hydrogenase was isolated from a blue-green mutant of R. rubrum G9.  Upon further
purification, we obtained a fraction containing only the CO-linked hydrogenase.  This allows for
the determination of the inhibitory effect of O2 on this hydrogenase without interference from
uptake hydrogenase.  Using a mass spectrometer to measure the H2/D2O exchange reaction, we
confirmed that the hydrogenase was operative even with the simultaneous presence of up to 7%
of O2 for 20 min.  More than 70% of the reaction rate was recovered upon the removal of O2, a
reversible property not normally observed by hydrogenases from most organisms.  The addition
of CO to a starved culture also enhanced the hydrogenase reaction rate significantly, although
lesser effect was observed with the overall linked pathway.  CO, or its oxidized product, may
have a stimulatory effect on the longevity of the hydrogenase enzyme.  This is not an issue in a
scale-up bioreactor system where CO will be fed continuously.  This report also proposes a
scheme for the isolation of mutants deficient in various components of the CO-linked pathway in
order to understand the reaction mechanism and the rate-limiting steps.



Introduction

Photosynthetic bacteria are versatile in their various modes of H2 metabolism.  They have four
terminal enzymes that mediate their H2 metabolism − nitrogenase, a classical uptake
hydrogenase, a hydrogenase linking to fermentative pathway, and a CO-linked hydrogenase; all
are involved in H2 production under various growth conditions.  Under photosynthetic conditions
when nitrogen becomes limiting while an abundance of carbon substrates are available, the
nitrogenase enzyme catalyzes the production of H2 to dissipate excess reductants (Stewart,
1973).  The nitrogenase-mediated system is light-dependent and consumes 4 moles of ATP per
mole of H2 produced.  Long term growth of culture under limiting nitrogen condition also induce
the nif – strains to emerge, therefore, losing the ability to produce H2 for a prolonged period.  A
classical uptake hydrogenase has been isolated and purified from various photosynthetic
microorganisms, and its main physiological function is to break down H2 to support CO2
fixation.  This enzyme operates preferentially in the H2 consumption direction (Colbeau et al.,
1983).  A third hydrogenase, the formate-linked hydrogenase, part of the formate-hydrogenlyase
complex, has been reported in Rhodospirillum rubrum S1.  This hydrogenase, induced when
light becomes limiting (natural day/night cycle), is proposed to function under fermentative
conditions when excess energy needs to be dissipated in order to maintain redox balance (Gorrell
and Uffen, 1977; Schultz and Weaver, 1982).  This hydrogenase is similar to the reversible
hydrogenase reported in Clostridium, is highly O2 sensitive and equilibrates at low partial
pressure of H2 (10%).  To fully utilize this hydrogenase for industrial H2 production mandates an
absolute anaerobic condition, and the H2 accumulated in the gas phase would have to be
evacuated to ensure continuous production.

The CO-linked hydrogenase is unique among all hydrogenases reported.  It was first reported by
Uffen in two strains of photosynthetic bacteria that function only in darkness to shift CO (and
H2O) into H2 (and CO2), and the H2 remained accumulated in the gas phase (Uffen, 1981). We
have since isolated more than 450 strains of photosynthetic bacteria from local sites with
elevated CO that perform the water-gas shift reaction.  Among them, we have worked with
Rhodocyclus gelatinosus CBS extensively.  CBS and its variant, CBS-2, adapted for higher O2
resistance, not only shift CO as Uffen had reported, but also quantitatively assimilate CO into
new cell mass (Maness and Weaver, 1994).  Upon being given 20,000 ppm of CO in the culture
gas phase, a mere 0.1 ppm of CO remained at equilibrium, making this process suitable for
producing high purity H2 feeding directly to fuel cell applications.  The CO-linked pathway has a
rate constant of 60,000 and is energetically more favorable toward the evolution direction.  The
CO-linked hydrogenase is also unique in its O2-resistant property.  When whole cells of CBS-2
are stirred in 21% O2 (full air) for 19 hours, the hydrogenase still retains 50% of its activity
(Maness and Weaver, 1997).  This membrane-bound hydrogenase has been purified 86 fold from
other membrane proteins and exhibits a molecule weight of 58,000 daltons.  When stirred in full
air, this partially purified, membrane-free hydrogenase still exhibited a half-life of 4.5 hours,
indicating that the resistance to O2 is an intrinsic property of the enzyme itself, not owing to



higher respiratory rates of whole cells, nor its burial within cell membranes.  Compared to most
hydrogenase enzymes which have a half-life of 30 seconds in air and are irreversibly inactivated
(Klibanov et al., 1978), this CO-linked system is most robust and has great potential for
commercial scale-up of H2 production from gasified biomass.

An ideal process to produce H2 more economically would be water-derived.  However, lacking
photosystem II, photosynthetic bacteria can not use water as the electron donor.  One potential
solution is to transfer the genes coding for hydrogenase enzyme, along with its physiological
electron mediators into a cyanobacterial host to be expressed.  Cyanobacteria have both
photosystem I and II, and can therefore oxidize water and evolve O2.  The bacterial CO-linked
hydrogenase is relatively O2-resistant and will sustain.  Cyanobacteria are phylogenetically
closely related to photosynthetic bacteria, and thus most likely that their native electron
mediators may couple to a bacterial system.  This approach would require the cloning of the
bacterial hydrogenase genes along with those coding for the redox mediators.  Pursuing this also
will facilitate our understanding of the regulation of the pathway and the amplification of overall
rates.  This report describes preliminary work on the isolation of a hydrogen uptake pathway
(Hup-) mutant and proposes a scheme for other mutant isolation.

Another criterion for economical H2 production is to further enhance the O2 resistance of the
hydrogenase.  Although we have determined previously that this hydrogenase is quite resistant to
O2 inactivation, the nature of the assay (using a reducing agent and methyl viologen) precludes
the addition of O2 during the assay.  It is ultimately important for us to develop an assay system
where the reaction rates of hydrogenase could be measured with the simultaneous presence of
O2.  To achieve this, we take advantage of an exchange reaction between H2 gas and heavy water
yielding HD, catalyzed by most hydrogenase (San Pietro, 1957).  Because this assay does not
involve any electron donors and acceptors, it becomes a direct assay of the enzyme itself.  Any
resistance or inhibitory effect of O2 on the enzyme thus is a direct reflection on the nature of the
enzyme.  We describe in this report findings of O2 effect on the exchange reaction and the
reversibility of the reaction upon the removal of O2, as measured by a mass spectrometer.

Materials and Methods

Media and Growth Conditions

Rhodocyclus gelatinosus CBS-2 and R. rubrum P1 were cultivated in modified RCV defined
medium (Weaver et al., 1975) supplemented with 22 mM NH4Cl as the nitrogen source to totally
repress nitrogenase synthesis.  Carbon sources were 30mM sodium malate for
photoheterotrophic growth, or 16% CO along with 0.5% (w/v) yeast extract for growth on CO.
The final pH of the growth medium was 7.2.



Media were prepared by boiling and dispensing to stoppered anaerobe tubes under a stream of
argon gas and then sterilized in an autoclave press (Bellco Glass, Inc.).  For larger cultures,
media were sterilized aerobically, then bubbled with a stream of argon gas passing through a 0.2
µm pore size Acrodisc filter (Gelman Sciences, Inc.).  For growth under CO, CO gas was added
aseptically via syringe fitted with an Acrodisc filter (0.2 µm pore size).

Photosynthetic cultures were illuminated from above with 60W incandescent lamps.  Light
intensity reaching the culture surface was approximately 150 W/m2 measured with a YSI-
Kettering Radiometer (Model 65A).

Preparation of cell-free hydrogenase extract

To maintain anaerobiosis, most experimental procedures were carried out inside an anaerobic
glove box (Coy, Inc.) and 2 mM dithiothreitol and 1 mM sodium dithionite were included
throughout the preparation.  Cells in mid-log phase of growth were harvested by centrifugation
and the pellets were suspended into 50 mM Hepes buffer (pH 7.5) containing10 mM EDTA and
0.5 M glucose to a cell concentration equivalent to 8 mg cell dry weight/ml.  Lysozyme was
added to a final concentration of 0.5 mg lysozyme/mg cell dry wt., and incubated for 1 hr at 30
°C with occasional shaking.  Formation of spheroplast was monitored by diluting an aliquot of
the suspension 20-folds into distilled water and its lysis examined with phase-contrast
microscopy.  The spheroplast preparation was then centrifuged at 50,000 × g for 10 min.  Each
pellet resulted from 20 ml spheroplast suspension was subjected to an osmotic shock treatment
by homogenizing with 35 ml of 1 mM Hepes buffer (pH 7.5).  A spatula full of DNase and
RNase was added to break down nucleic acids.  The homogenates were allowed to stand for 20
min with occasional vigorous shaking followed by the addition of Hepes buffer (pH 7.5) to a
final concentration of 20 mM.  The suspension was centrifuged and washed once at 50,000 × g
for 15 min.  Membranes were suspended in 50 mM phosphate (pH 7.5) containing 1 mM EDTA
and 15% glycerol and stored frozen at -70°C before detergent extraction.  Preparations using this
procedure contained no intact cells.

To partially purify the CO-linked hydrogenase, cell-free membranes were solubilized with 2%
(w/v) CHAPS detergent for 1 hr at 25°C with continuous stirring.  The solubilized fraction was
obtained by centrifugation at 50,000 x g for 15 min, followed by 250,000 x g for 1.5 hr.  The
resulted supernatant was applied to a DEAE-Sephacel anion exchange column (1.6 cm x 13 cm)
and eluted with a NaCl gradient from 150 mM to 400 mM in phosphate buffer (20 mM, pH 7.0).
The collected fractions, in 5 ml size, were assayed for various hydrogenase activities.

Hydrogenase Assay

Hydrogenase activities were routinely assayed by the evolution of H2 gas from methyl viologen
reduced by sodium dithionite in 2-ml reaction mix.  Reactions were carried out inside 13.5 ml



stoppered Wheaton vials shaken in a 30°C water bath.  To measure linked pathway using whole
cells, reaction mix contained (in final concentration) 50 mM phosphate buffer (pH 7.0), along
with 17% CO gas for “CO-linked” pathway.  For cell-free assay, 5 mM methyl viologen was the
electron mediator reduced by 10 mM sodium dithionite.  When whole cells were used instead of
membranes to measure methyl viologen mediated reaction, Triton-X-100 (0.1%, w/v) was
included in the reaction mix to facilitate methyl viologen permeation into whole cells.  Reaction
was started by the addition of electron donors and terminated by acidification with 0.1 ml of 10%
(w/v) trichloroacetic acid solution.  Samples in the gas phase were withdrawn and injected into a
Varian 3700 series gas chromatograph equipped with a thermal conductivity detector and
separated by a molecular sieve 5 Å column (60/80 mesh, 6’ × 1/8”).  H2 was determined using
argon as carrier gas and CO with helium as carrier gas.

H2 uptake activity to methyl viologen ( E578nm = 9.7 mm-1 cm-1) was conducted in a Hewlett-
Packard 8450A spectrophotometer.  Reactions (final volume 2.5 ml) in anaerobic Thunberg
cuvettes contained in 20 mM Tris buffer (pH 8.7), 2.5 mM methyl viologen, the appropriate
enzyme fraction, and the O2-scrubbing system (Packard and Cullingford, 1978).  Ten percent H2
was present in the gas phase.  Control cuvettes were gassed with argon and any non-specific
reduction of the dye by endogenous reductants was subtracted to obtain H2-dependent activities
only.

H2 uptake to methylene blue was carried out in a 2-ml water-jacket chamber fitted with a model
5331 Clark type electrode.  The reaction mix was equilibrated with a 10% H2 gas stream in 50
mM Tris buffer (pH 8.7) and initiated by injecting methylene blue (0.5 mM) as the electron
acceptor.

Mutant Isolation

R. rubrum G9, a carotenoidless mutant of wild-type strain S1, was used to generate the H2-
uptake pathway mutant.  R. rubrum G9 was cultured photoautotrophically on H2 and CO2 gas
mixture (80:20) to maximally induce uptake hydrogenase enzyme and the H2-uptake pathway.
The fully-grown culture was later subjected to photokilling by bubbling an aliquot of the
suspension vigorously with a stream of sterile air for 5 min while illuminating with a 150W flood
lamp.  The survivors were then serially diluted and plated onto RCV agar plates supplemented
with malate and 0.5% (w/v) yeast extract for nonselective photosynthetic growth.  Colonies
emerged on the surface of agar plates were replica-plated with sterile velveteen cloth onto a set
of RCV agar plates, one supplemented with malate as carbon source, the other with H2 and CO2
gas mixture.  This strategy is to select those colonies that grow well photoheterotrophically, yet
grow poorly or exhibit no growth under photoautotrophic condition.  All colonies fitting those
criteria were transferred into RCV-malate liquid medium and screened for uptake hydrogenase
activities, coupling H2 oxidation to either O2 or methylene blue reduction.



H2/D2O Exchange Assay

A schematic of the ultra high vacuum (UHV) chamber equipped with an Uti mass spectrometer
has been given previously (Dillon et al., 1995).  The UHV chamber is pumped both by a 60 l/s
and a 110 l/s Balzers turbomolecular pump enabling operating pressures of 1-2 x 10-8 Torr to be
obtained without baking.  The 60 l/s pump is positioned directly behind the mass spectrometer.
An ion gauge and a capacitance manometer are employed to monitor the pressure of the
chamber.  A four component mechanically-pumped gas manifold is also attached to the chamber.
Gas admission is controlled with a variable conductance leak valve. Isolation gate valves
separate the main chamber during high-pressure gas exposures.  For these experiments a glass
cold finger containing 2 ml hydrogenase sample in 2 ml D2O stirred under a H2 atmosphere was
attached to the manifold.  The finger was frozen with liquid nitrogen while the manifold was
evacuated.  This freeze-pump-thaw procedure was performed several times prior to beginning
experiments.  The cold finger was then warmed to room temperature and H2 gas with varying
amount of O2 was bled into the chamber at a pressure of 5 x 10-6 Torr and reacted for 20 min
under continuous stirring.  Only the gate valve leading to the 60 l/s pump was left open so that all
of the gas molecules were passed by the mass spectrometer.  Mass spectra were recorded from 0
– 50 a.m.u. with a National Instruments Labview program every 2 seconds.

Dry Weight Measurement

Turbidity of cell suspensions was determined by measuring optical density at 660 nm in a
Spectronic 21 Colorimeter (Bausch & Lomb, Inc.).  The measurement was then related to dry
weight from a prepared calibration curve.

Results and Discussion

Identification of a Hup- Mutant and its Hydrogenase Activities

In order to determine O2 resistance of the CO-linked hydrogenase without interference from the
uptake hydrogenase, mutants deficient in H2-uptake pathway were isolated.  A carotenoidless
blue-green mutant such as R. rubrum G9 is very susceptible to photokilling in the presence of O2,
and therefore, an ideal candidate to generate Hup- mutants (Fig. 1).  Our photokilling selection
procedure resulted in 9 isolates that showed good photoheterotrophic growth on malate, yet were
unable to grow photoautotrophically on H2 and CO2.  These isolates were then screened for any
residual uptake hydrogenase activity coupling H2 oxidation to O2 or methylene blue reduction.
One mutant, designated as R. rubrum P1, consistently yielded no detectable levels of H2-uptake
activity coupling to O2 assay, and the rate of H2-dependent methylene blue reduction was only
3% of the parental strain G9.  Fig. 2A shows that the induction of uptake hydrogenase activity in



the parental strain G9 paralleled cell growth, consistent with previous observation in wild-type
photosynthetic organisms (Maness and Weaver, in preparation).  However, under identical
growth conditions, the levels of uptake hydrogenase activity in mutant strain P1 was negligible
throughout the entire growth cycle (Fig. 2B).  Both G9 and P1 exhibited similar growth rates
under photoheterotrophic condition.

Hydrogen-dependent methylene blue reduction assay is a direct assay of the uptake hydrogenase
itself, and mutant strain P1 expressed only negligible amounts of uptake hydrogenase enzyme
activity.  CO-linked hydrogenase from mutant P1 was, therefore, chosen to determine whether it
can functionally evolve H2 while O2 was simultaneously present using a D2O/H2 exchange assay.

The successful isolation of the Hup- mutant also proves that our mutagenesis/selection technique
will work for the isolation of other mutants deficient in various components of the overall CO to
H2 metabolic pathway (Fig. 1).  Mutagenized cells, either by 1-methyl-3-nitro-1-
nitrosoguanidine or ethyl methanesulfonate, can be cultured in darkness under aerobic conditions
to repress the synthesis of photosynthetic pigments.  A subsequent photosynthetic subculture into
CO under anaerobic condition induces the water-gas shift pathways and chlorophyll synthesis
among wild-type cells.  Only those cells deficient in the water-gas shift pathway, thus
pigmentless, will survive the photo-oxidative killing.   A complete library of mutants could be
generated based on this extreme sensitivity of the blue-green mutant to photo-oxidative killing
conditions.  Any mutants deficient in the CO shift reaction will elucidate the induction
mechanism of the CO-linked pathway.  Mutants altered in their redox mediators allow for their
biochemical characterization and better determination of any rate-limiting steps in the overall

1. Carotenoid - Parent:

                       centr.
Aerobic, dark            Anaerobic, hν           Aerobic, hν               Anaerobic, hν
    malate                        CO                                                           malate
    (white)                     (bl.-gr.)

2.  Wild-type Parent:
                       centr.
Anaerobic, hν          Anaerobic, hν           Anaerobic, hν             Anaerobic, hν
      malate                 CO + MV                CO + MV + O2                    malate

Figure 1. Schemes for mutant selection



reaction.  Subsequently, a scheme to obtain constitutively overly-expressed mutants can be
derived from these mutants.

Figure 2.  The induction of uptake hydrogenase in both R. rubrum G9 parent (A)
and mutant P1 (B).  Methylene blue (MB) is the electron acceptor where indicated.
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Alternatively, wild-type strains with carotenoid pigments can be incubated with CO and methyl
viologen (Fig. 1).  Upon exposure to O2, those cells having the capability to reduce methyl
viologen by CO will immediately generate superoxide radicals, which are lethal to living cells.
The survivors without the water-gas shift pathway can then be cultured on malate medium for
further analysis.

O2-Resistance Measurement

Mutant P1 still contains 3% of the uptake hydrogenase of its parental strain.  We therefore
proceeded to partially purify the CO-linked hydrogenase according to the Method.  Figure 3
shows an elution profile of the CO-linked hydrogenase (• ) and the uptake hydrogenase (�)
against a NaCl salt gradient (�).  Two fractions contain high activity of the CO-linked
hydrogenase  without the interference from uptake hydrogenase activity.  These two fractions
were pooled together and used for the subsequent D2O/H2 exchange assay.  These results also
provide direct evidence that the CO-linked hydrogenase does not couple to a high potential dye
such as methylene blue (Em at pH 7.0 = - 11 mV) as an electron acceptor.  Therefore, the
reduction of methylene blue becomes a specific assay for the classical uptake hydrogenase
enzyme only.  In photosynthetic organisms where multiple hydrogenases exist, methylene blue
assay becomes a useful tool to identify the presence of uptake hydrogenase specifically.

Figure 3. Purification of CO-linked hydrogenase from R. rubrum mutant P1
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Fig. 4 shows that with 1% O2 in the gas phase and stirring for 20 min, the hydrogenase enzyme
still retained more than 50% of its deuterium exchange activity.  At 7% O2, the enzyme was
about 15% active.  However, even after exposure to various levels of O2 for 40 min, more than
70% of the activity was still recovered upon the subsequent removal of O2.  These data indicated
that the hydrogenase was still partially operative under aerobic conditions and a majority of the
activity is reversible upon returning to anaerobic condition.  A parallel study using crude
membranes containing the bulk of the CO-linked hydrogenase also confirms its O2 resistance.
Upon stirring the membrane fraction with 5% O2 in the gas phase, the hydrogenase still retained
40% of its activity after 2 hours (Fig. 5).

Figure 4.  Effect of oxygen on the H2 – deuterium exchange reaction of R. rubrum
P1 hydrogenase

We had reported previously that the CO-linked hydrogenase from R. gelatinosus CBS-2 is also
relatively O2 resistant (Weaver, et al., 1998).  The partially purified hydrogenase was 55% active
in the presence of up to 13% O2 for the duration of the deuterium exchange assay (20 min).  The
system is more than 90% reversible upon returning to the anaerobic condition.  The O2 resistance
property could be unique among hydrogenases linking to CO oxidation.  This hydrogenase can
serve as an ideal model to investigate structure-function relationships.  An insight into the amino
acids around its catalytic site will yield important information regarding its relatively O2-resistant
property.  Either biochemical purification of the hydrogenase enzyme, or cloning of its DNA
sequence will elucidate this unique property.  This information can then be used to design other
proteins to become more O2-tolerant.
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Figure 5.  Oxygen sensitivity of CO-linked hydrogenase from the lysed
spheroplast membrane of R. rubrum P1

Effect of CO on the Longevity of the CO-linked Pathway

Carbon monoxide or its derivative is the inducer for the water-gas shift pathway among various
photosynthetic bacteria and the appearance of the activities is due to de novo protein synthesis
(Uffen, 1981; Bonam et al., 1989; Maness & Weaver, in preparation).  However, there is no
report to date on the duration or life time of the enzymes once induced, nor on whether CO or its
immediate product has to be present continuously to prevent the existing enzymes from turning
over.  This concerns long-term biological shift activity in an applied bioreactor system.

To investigate the short-term effect of CO on previously induced enzymes, we added CO to a
culture that had starved for CO for 24 hours, and followed the overall CO-linked activity and the
hydrogenase enzyme activity.  Figure 6 shows that upon feeding 16% CO at time zero, there is a
near 2.2 fold increase in the hydrogenase activity.  The rate returned to a lower steady-state level
as CO was consumed to near zero.  With a second feeding of 16% CO after 24 hours, the
hydrogenase activity was again elevated by 1.6 fold.  A less dramatic effect was observed with
the overall linked pathway.  Chloramphenicol, an inhibitor for new protein synthesis, yet has no
impact on any existing protein, was added along with CO to determine if the increase in rates
was due to de novo synthesis.  We observed a similar pattern of increases when both CO and
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chloramphenicol were included, indicating that the enhancement was due to an activation of the
existing enzymes, not due to new protein synthesis (data not shown).  CO, or its metabolized
product, may stimulate the hydrogenase enzyme directly, or alleviate the regulation of the
enzyme.  However, we can not explain the less dramatic effect CO had on the overall CO to H2
linked pathway.   Perhaps one of the rate-limiting steps is still regulated.  Our proposal to isolate
mutants deficient in various components of the linked pathway shall elucidate the regulations of
the overall pathway and facilitate in the scale up of the bacterial water-gas shift system.

Figure 6. Effect of CO additions on the activities of previously-induced enzymes
of the CO to H2 pathway in R. gelatinosus CBS-2
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Introduction
The biologically mediated water-gas shift reaction may be a cost-effective technology for the
conditioning of synthesis gas for storage or direct use within a hydrogen fuel cell. NREL researchers have
isolated a number of photosynthetic bacteria that can perform the water-gas shift reaction, in which
carbon monoxide is oxidized to carbon dioxide while simultaneously water is reduced to hydrogen. The
overall reaction stoichiometry is of this reversible reaction is:

Since the reaction is exothermic, the equilibrium constant decreases with increasing temperature. The
currently accepted industrial process for this reaction uses a catalytic reactor operating at elevated
temperatures where the equilibrium constant K is approximately 10. Since the photosynthetic bacteria
operate at ambient temperatures, the equilibrium constant is approximately 104. Thus, there are significant
advantages to operating at ambient temperature with respect to reaction equilibrium.

Whether the ambient temperature reaction kinetics are sufficiently rapid is not clear, however. The water-
gas shift reaction occurs very rapidly within the photosynthetic bacterial cell during both light and dark
periods. Preliminary data already collected at NREL suggest that this reaction is far more rapid than the
rate at which CO can be supplied to the bacteria. This is consistent with many other gas/liquid biological
reaction systems, including aerobic fermentations, which are commonly limited by the transfer rate of
oxygen to the liquid phase.

One of the goals of this project is to accurately predict the economics of a full-scale water-gas shift
reaction using photosynthetic bacteria. To increase the accuracy of economic estimates of the full-scale
process, it is necessary to collect data from a laboratory-scale bioreactor whose mass transfer
characteristics are well understood, and to incorporate these data into an appropriate bioreactor model.
The model can then be used to predict the size of a full-scale system. Municipal wastewater treatment
systems and biofilters for air pollution control are two examples of biological reactors that have been
successfully modeled in this fashion.

The approach we are taking for this task is to assess the mass-transfer characteristics of current generation
of NREL bioreactors, to collect performance data using these bioreactors, and then use these data both for
a bioreactor model to estimate the size of a full-scale system, and to develop new bioreactor designs.

Past Results
A number of bioreactor designs have been built and tested at NREL. For example, a bioreactor using
surface-immobilized bacteria treated a 10% CO/N2 gas stream for over a year. Other bioreactors using
both immobilized and suspended bacterial cultures have been tested as well. Figures 1 and 2 illustrate a
bubble-column reactor and an immobilized bioreactor, respectively. Bubble column bioreactors have a
suspended bacterial culture through which reactant gas travels, while immobilized bioreactors anchor the
bacterial culture on a solid support. Each bioreactor type has certain advantages: a bubble-column
bioreactor allows easy inoculation and harvesting of the culture, while an immobilized bioreactor
generally exhibits lower pressure drop at a given gas flowrate. In the case of Figure 2, an inverted nylon
carpet has been used to immobilize the bacteria.

222 HCOOHCO K +→←+



The bubble column reactor shown in Figure 1 is 7.6 cm in diameter and 90 cm height. It achieved 90%
conversion of a 10% CO/N2 gas stream flowing at 125 mL/min. By adding approximately 25 ppm
TWEEN 80 surfactant to the media, the conversion increased to 99% at the same flowrate. The presence
of the surfactant apparently stabilizes the bubble phase and prevents bubble coalescence, allowing a
higher interfacial area for mass transfer in the reactor. The inverted carpet reactor in Figure 2 was able to
achieve 94% conversion of a 10%/N2 gas stream flowing at 8 mL/min after a bed length of only 22 cm.

Gas-Liquid Mass Transfer Modeling
One of the first significant biochemical engineering problems to be addressed was oxygen transfer to
aerobic fermentations for penicillin production during World War II[1]. Since that time, there has been an
enormous amount of research in the area of gas-liquid mass transfer in biochemical reactors.

In general, the solubilities of gases of biological interest in aqueous systems is quite low. This leads
directly to significant mass transfer resistance by the liquid media. Under these conditions, the rate of
mass transfer across the gas-liquid interface can be characterized by the volumetric liquid-side mass
transfer coefficient KLa. For the case of extremely fast reaction rate, the rate-limiting step in the reaction
is the transfer of the soluble gas to the liquid phase. In this case, the liquid phase concentration of the
soluble gas is essentially zero. For the case of a column bioreactor, the appropriate model equations are:
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Figure 1. Schematic diagram and photograph of bubble-column bioreactor tested at NREL. The
column is 7.6 cm in diameter and 90 cm in height.  Reactor achieved 90% conversion of a 10%
CO/N2 feedstream flowing at 125 mL/min.
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Thus, the gas-liquid mass transfer is a first-order process, and the conversion of the gas in question is an
exponential function of distance (and therefore residence time) in the reactor. Since the reaction is limited
not by the intrinsic activity of the bacteria but by mass transfer rate, the performance of a given bioreactor
can be predicted simply by calculating its’ mass transfer coefficient, which is a function of reactor
geometry, temperature, and liquid and gas flowrates. Thus, the mass transfer characteristics of a particular
bioreactor can be determined independently of the biochemical reaction occurring in it.

Recently, researchers at the University of Arkansas investigated gas-liquid mass transfer issues for the
biological water gas shift reaction. Using the equations to calculate mass transfer coefficients based on
CO conversion in a number of different bioreactor configurations. Depending on the reactor configuration
tested, the calculated values of the overall mass transfer coefficient were in the range 0.001-0.03 s-1. Table
1 summarizes these results. In the original literature, the mass transfer coefficients were presented in a
variety of units. These have been converted to consistent units in Table 1.

We have applied the mathematical model discussed above to the experimental data already collected at
NREL. For the NREL bubble column reactor, we calculated values of the mass transfer coefficient KLa of
0.1-0.8 s-1, while for the carpet reactor, we calculated a value of approximately 0.07 s-1. These values are
somewhat higher than the data in Table 1, but well within reported ranges for such reactors[2].

CO/H2O H2

Media

CO2

Figure 2. Schematic diagram and photograph of inverted carpet reactor tested at NREL. The nylon carpet
fibers hold immobilized bacteria. Product gas CO2 is absorbed by the liquid media, leaving only H2 in the
gas phase. Reactor achieved 94% conversion of a 10%CO/N2 feedstream flowing at 8 mL/min in 22 cm of
bed length.



Table 1. Literature Values of the overall mass transfer coefficient KLa reported by Klasson et al. The KLa
units are presented both as originally reported and in consistent units (see text). CSTR: continuously stirred
tank reactor, PBR: packed bubble column reactor, TBR: trickle bed reactor.

Status of Economic Evaluation/Systems Analysis
A preliminary economic evaluation was performed in 1996[8] which indicated that thermal gasification of
biomass at $46/T coupled with the biological water-gas shift conditioning (but not including pressure
swing adsorption, PSA) would result in a base case of $13/GJ H2. The PSA step is normally required to
remove CO2, which is a product of the water gas shift reactor. However, since the CO2 would be removed
by the liquid media in the bioreactor, no separate removal process is required. No further economic
analysis has been performed since 1996. The quantitative reactor performance data produced by this
project will allow a more accurate estimation of the size (and therefore cost) of a full- scale system. In
addition, bioreactors with enhanced mass transfer characteristics should reduce the size and therefore the
cost of the full-scale systems.

Future Work
The ultimate goal of this task is the development of a cost-effective water-gas shift bioreactor design. To
accomplish this goal, we will: characterize the mass transfer characteristics of the current generation of
water-gas shift bioreactors at NREL, collect quantitative kinetic information that can be used to determine
the size and cost of full-scale systems, and design and test new bioreactor designs with enhanced mass
transfer capabilities. The major barriers to developing a bioreactor with enhanced mass transfer
capabilities involve a trade-off between mass transfer and power requirements. Chemical reactors often
use impellers or mixers to enhance mass transfer, which can significantly increase both the capital and
operating costs of the reactors. We are seeking a bioreactor design that will provide very high
mass-transfer rates with minimal power input.

KLa ValueReactor
Type Reported Calc (s-1) Ref

CSTR KLa/H=29.3 mmol/atm/L/h 0.007 [3]
PBR KLaεL/H=13.3 mmol/atm/L/h;  εL=.008-.012 0.005 [4]
TBR KLaεL/H =450-640 hr-1; εL=.008-.012 0.015 [5]
CSTR 28.1-101.1 hr-1; at 300-450 rpm 0.01-0.03 [6]
PBR 2.1 hr-1 0.001 ibid.
TBR 55.5 hr-1 0.015 ibid.
CSTR 14-36 hr-1 at 300-700 rpm 0.004-0.01 [7]



Nomenclature

Symbol Description Units
as reactor cross-sectional area cm2

cG gas-phase concentration mol cm-3

co
G initial gas-phase concentration mol cm-3

cL liquid-phase concentration mol cm-3

co
L initial liquid-phase concentration mol cm-3

H Henry’s Law coefficient --
KLa overall mass transfer coefficient s-1

K chemical reaction equilibrium constant --
L reactor length cm

QL volumetric flowrate of liquid cm3 s-1

QG volumetric flowrate of gas cm3 s-1

uL superficial liquid velocity (QL/as) cm s-1

uG superficial gas velocity (Q/as) cm s-1

z axial dimension of reactor cm
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Abstract

Biomass as a product of photosynthesis is a renewable resource that can be used for sustainable

production of hydrogen.  However, direct production of hydrogen from biomass by

gasification/water-gas shift technology is unfavorable economically, except for very low cost

feedstocks and very large plants.  Our approach proposes an alternative strategy with potentially

better economics resulting from the combined production of hydrogen with valuable co-

products.  The concept is based on a two-stage process: fast pyrolysis of biomass to generate bio-

oil and catalytic steam reforming of the oil or its fractions to produce hydrogen.  Fast pyrolysis, a

technology near commercial scale, could be carried out in a regional network of plants that would

supply bio-oil to a central reforming facility.  The preferred option is to separate bio-oil into a

lignin-derived fraction, which could be used for producing phenolic resins or fuel additives and a

carbohydrate-derived material that would be steam reformed to produce hydrogen.  The key

problem for this concept is to demonstrate that bio-oil can be efficiently steam reformed.   The

co-product strategy can be also applied to residual fractions derived from pulping operations and

from ethanol production.  Hydrogen can be generated from these fractions that are currently

available in most pulp mills and that will become available in future ethanol plants using

lignocellulosics as feedstocks.
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Introduction

At present, hydrogen is produced almost entirely from fossil fuels such as natural gas, naphta,

and inexpensive coal.  In such a case, the same amount of CO2 as that formed from combustion

of those fuels is released during hydrogen production stage.  Renewable biomass is an attractive

alternative to fossil feedstocks because of essentially zero net CO2 impact.  Unfortunately,

hydrogen content in biomass is only 6-6.5%, compared to almost 25% in natural gas.  For this

reason, on a cost basis, producing hydrogen by a direct conversion process such as the biomass

gasification/water-gas shift cannot compete with the well-developed technology for steam

reforming of natural gas.  However, an integrated process, in which biomass is partly used to

produce more valuable materials or chemicals with only residual fractions utilised for generation

of hydrogen, can be an economically viable option.  The proposed method, which was described

earlier1, combines two stages: fast pyrolysis of biomass to generate bio-oil and catalytic steam

reforming of the bio-oil to hydrogen and carbon dioxide.  This concept has several advantages

over the traditional gasification/water-gas shift technology.  First, bio-oil is much easier to

transport than solid biomass and therefore, pyrolysis and reforming can be carried out at different

locations to improve the economics.  For instance, a series of small size pyrolysis units could be

constructed at sites where low cost feedstock is available then the oil would be transported to a

central reforming plant located at a site with an existing hydrogen storage and distribution

infrastructure.  A second advantage is the potential production and recovery of higher value

added co-products from bio-oil that could significantly impact the economics of the entire

process.  In this concept, which is presented in Figure 1, the solid line specifies the route leading

to co-products hydrogen and “depolymerized lignin”.  Lignin-derived oligomer-rich fraction can

be used as a feedstock for the production of resins with formaldehyde2.  Such resins can become

valuable co-products (a substitute for phenol-formaldehyde), which will lower the production

costs of hydrogen from the aqueous fraction as demonstrated in related technoeconomic studies3.

Assuming that the phenolic fraction could be sold for $0.44/kg (approximately half of the price of

phenol), the estimated cost of hydrogen from this conceptual process would be $7.7/GJ, which is

at the low end of the current selling prices.

Another viable application of the lignin-derived fraction is the production of cyclohexyletheres, a

new class of high-octane fuel additive4.  The economics of the whole bio-oil reforming are less
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favorable than for the co-product strategy.  However, the hydrogen yields obtained from the

whole oil are higher than when only the aqueous, carbohydrate-derived fraction is processed.  In

addition, since hydrogen is the only product, this option is independent of co-product markets.

Another concept for producing hydrogen that we are developing is shown in Figure 2.  It

combines steam-aqueous fractionation of biomass with catalytic steam reforming of the lower-

value hemicellulose-rich liquid by-product while cellulose and lignin components would be used

for other applications.

Steam reforming can be conceivably conducted with the entire bio-oil or with each of its fractions

or with hemicellulose fraction from steam-aqueous processing. Because biomass fast pyrolysis

and steam fractionation technologies have almost reached the commercial status, this work has

focused on the catalytic steam reforming of bio-oil, its fractions, and hemicellulose solutions.  In

previous years we demonstrated, initially through micro-scale tests then in the bench-scale fixed-

bed reactor experiments5 that bio-oil model compounds as well as its carbohydrate-derived

fraction can be efficiently converted to hydrogen.  Using commercial nickel catalysts the

hydrogen yields obtained approached or exceeded 90% of those possible for stoichiometric

conversion.  The carbohydrate-derived bio-oil fraction contains a substantial amount of non-

volatile compounds (sugars, oligomers) which tend to decompose thermally and carbonize before

contacting the steam reforming catalyst.  We managed to reduce these undesired reactions by

injecting the oil fraction to the reactor in a form of a fine mist.  However, even with the large

excess of steam used, the carbonaceous deposits on the catalyst and in the reactor freeboard

limited the reforming time to 3-4 hours.  The limitations of the fixed-bed reactor were even more

obvious for processing whole bio-oil.  The hydrogen yield obtained was only 41% of that

stoichiometrically possible and the reforming duration was less than 45 minutes. For this reason

we decided to employ fluidized bed reactor configuration that can overcome at least some

limitations of the fixed-bed unit.  Even if carbonization of the oil cannot be avoided, still the bulk

of the fluidizing catalyst remains in contact with the oil droplets fed to the reactor.  This results in

increasing the reforming efficiency and extending the catalyst time-on-stream.  Catalyst

regeneration can be done by steam or carbon dioxide gasification of carbonaceous residues in a

second fluidized bed reactor providing additional amounts of hydrogen.
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Experimental

.1 Materials

 Bio-oils were generated from three feedstocks: poplar and pine wood and from peanut shells

using the NREL fast pyrolysis vortex reactor system6.  The poplar oil was comprised of 46.8%

carbon, 7.4% hydrogen, and 45.8% oxygen with water content of 19%.  It was separated into

aqueous (carbohydrate-derived) and organic (lignin-derived) fractions by adding water to the oil

at a weight ratio of 2:1.  The aqueous fraction (55% of the whole oil) contained 22.9% organics

(CH1.34O0.81) and 77.1% water.  Two other oils will be studied in the near future.

 Steam-aqueous fractionation of poplar wood was performed at the University of Sherbrooke in a

continuous Stake II unit7 employing steam treatment at a severity of Log Ro=3.8.  Severity

combines the effect of temperature and duration of the process using reaction ordinate defined as

Log Ro = Log t + (T-100)/14.75.  This treatment led to solubilization, after washing, of 30% of the

biomass into a hemicellulose-rich aqueous solution.  The aqueous solution contained 32.1% of

solutes having the elemental composition CH1.36O0.67.  These solutes were mostly oligomeric

pentosan and a small amount of dissolved lignin.

 U91, a commercial nickel-based catalyst used for steam reforming of natural gas, was obtained

from United Catalysts and ground to the particle size of 300-500µ.

 

.2 Fluidized bed reformer

The bench-scale fluidized bed reactor is shown in Figure 3.  The two-inch-diameter inconel

reactor supplied with a porous metal distribution plate was placed inside a three-zone electric

furnace.  The reactor contained 150-200g of commercial nickel-based catalyst ground to the

particle size of 300-500µ.  The catalyst was fluidized using superheated steam, which is also a

reactant in the reforming process.  Steam was generated in a boiler and superheated to 750�C

before entering the reactor at a flow rate of 2-4 g/min.  Liquids were fed at a rate of 4-5 g/min

using a diaphragm pump.  A specially designed injection nozzle supplied with a cooling jacket

was used to spray liquids into the catalyst bed.  The temperature in the injector was controlled by

coolant flow and maintained below the feed boiling point to prevent evaporation of volatile and

deposition of nonvolatile components.  The product gas passed through a cyclone that captured

fine catalyst particles and, possibly, char generated in the reactor then two heat exchangers to
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remove excess steam.  The condensate was collected in a vessel whose weight was continuously

monitored.  The outlet gas flow rate was measured by a mass flow meter and by a dry test meter.

The gas composition was analyzed every 5 minutes by an MTI gas chromatograph.  The analysis

provided concentrations of hydrogen, carbon monoxide, carbon dioxide, methane, ethylene, and

nitrogen in the outlet gas stream as a function of time of the test.  The temperatures in the system

as well as the flows were recorded and controlled by the G2/OPTO data acquisition and control

system.  Total and elemental balances were calculated as well as the yield of hydrogen generated

from the feed.

Results and Discussion

The steam reforming experiments on aqueous extract of poplar bio-oil were carried out in the

fluidized bed reactor at the temperature of 800°C and 850°C.  The steam to carbon ratio was held

at 7-9 while methane-equivalent gas hourly space velocity GC1HSV was in the range of 1200-1500

h-1. During the experiments at 800°C a slow decrease in the concentration of hydrogen and

carbon dioxide and an increase of carbon monoxide and methane in the gas generated by steam

reforming of the carbohydrate-derived oil fraction was observed.  These changes resulted from a

gradual loss of the catalyst activity, probably due to coke deposits.  As a consequence of that, the

yield of hydrogen produced from the oil fraction decreased from the initial value of 95% of

stoichiometric (3.24 g of hydrogen from 100 g of feed) to 77% after 12 hours on stream.  If a

water-gas shift reactor followed the reformer the hydrogen yields would be 99% and 84%

respectively.

The catalyst used in this experiment was regenerated by carbon dioxide and steam treatment for

two hours at 850°C then reused in the next test, which was carried out at 850°C.  We expected

that at a higher temperature the formation of char and coke would be less or their gasification by

steam would be more efficient than that achieved in the previous conditions.  After regeneration

the catalyst recovered its initial activity.  During eight hours of reforming of the bio-oil

carbohydrate-derived fraction, the product gas composition remained constant, as presented in

Figure 4.  This indicates that no catalysts deactivation was observed throughout the run time.  The

yield of hydrogen produced from the bio-oil fraction was approximately 90% of that possible for
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stoichiometric conversion.  It would be greater than 95% if carbon monoxide underwent the

complete shift reaction with steam.  Only small amounts of feed were collected as char in the

cyclone and condensers, and little or no coke was deposited on the catalyst.

Steam reforming of the hemicellulose-rich liquid was carried out at the catalyst bed temperature

of 800°C with the feed rate of 4 g/min and steam flow of 2.4 g/min.  The produced gas

composition is shown in Figure 5.  At the beginning of the run the hydrogen concentration was

65% but decreased to 60% after three hours on stream.  This suggests that catalyst deactivated

during the experiment.  Hydrogen yield was 67.3% of that which could be obtained by

stoichiometric conversion.  Mass balances indicated that 73% of carbon from hemicellulose was

converted to CO2 and CO.  The remaining 27% could thus form char entrained from the system

and coke deposits on the catalyst surface, which would explain the loss of its activity.  The

activity of the catalyst used for reforming was easily restored by steam or carbon dioxide

gasification of the deposits.  The catalyst was reused in next experiments showing the same

efficiency.  The regeneration also resulted in producing additional amounts of hydrogen.

Hemicellulose is more difficult to reform than bio-oil aqueous fraction due to a higher content of

oligomeric material that tends to carbonize during the process.

At present, our efforts focus on finding optimum process conditions (temperature, steam to

carbon ratio) to maximize hydrogen production and minimize coke formation.

Summary and Conclusion

1. Biomass can be a valuable resource for producing hydrogen provided that an integrated

process will also generate higher value co-products.  Following this strategy we have

considered two process options: fast pyrolysis/steam reforming and steam-aqueous

fractionation/steam reforming.

2. Bio-oil from pyrolysis or its aqueous fraction as well as hemicellulose-rich solution from

steam-aqueous fractionation can be reformed to generate hydrogen by a thermocatalytic

process using commercial, nickel-based catalysts.

3. The hydrogen yield obtained in a fluidized bed reactor from the aqueous fraction of bio-oil

was about 90% of the stoichiometric value, which corresponds to almost 6 kg of hydrogen

from 100 kg of wood.
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4. Hydrogen yield from the hemicellulose solution was about 70% of the stoichiometric

potential.  Lower performance was due to the higher content of oligomeric material, which is

more difficult to reform.

5. Catalysts are easy to regenerate by steam or CO2 gasification of carbonaceous deposits.

6. The process needs to be optimised to determine conditions that allow for maximum yields of

hydrogen and minimum coke formation.
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Figure 1.  Process diagram: Hydrogen from Biomass via Fast Pyrolysis/Steam Reforming
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Figure 2. Hydrogen from Biomass via Steam-Aqueous Fractionation/Steam Reforming
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Figure 3.  Fluidized bed reforming system.
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Figure 4. Gas composition from steam reforming of poplar pyrolysis oil aqueous extract

Figure 5. Gas composition from steam reforming of hemicellulose solution obtained by steam-

aqueous fractionation of poplar wood.
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PLASMA REFORMING OF DIESEL FUEL

L. Bromberg, A. Rabinovich, N. Alexeev,and D.R. Cohn
Plasma Science and Fusion Center, Massachusetts Institute of Technology

Cambridge, MA 02139

Abstract

The use of a plasma reformer for the generation of hydrogen rich gas from diesel fuel has been
investigated. A system that is normally used for investigating natural gas reforming has been
modified in order to investigate the reforming of heavy liquid fuels.  The composition of the
reformate has been investigated as a function of the composition of the reagents.  The use of a
one-step reformer/water shifter was studied. Good reforming, with no noticeable soot production,
was obtained. The specific energy consumption was equal to that previously obtained with
methane reforming, with much reduced concentration of methane in the reformate.

1. Introduction.

Thermal plasma technology can be efficiently used in the production of hydrogen and hydrogen-
rich gases from methane and a variety of fuels [1-3]. The thermal plasma is a highly energetic
state of matter that is characterized by extremely high temperatures (several thousand degrees
Celsius) and high degree of dissociation and substantial degree of ionization.  The high
temperatures accelerate the reactions involved in the reforming process.  Hydrogen-rich gas (40%
H2, 17% CO2 and 33%N2, for partial oxidation/water shifting) can be efficiently made in compact
plasma reformers from natural gas.

Plasmatrons are electrical heating devices that take advantage of  the finite conductivity of gases
at very elevated temperatures. At these temperatures, the gas is partially ionized.  Plasmatrons
provide highly controllable electrical heating of this ionized gas. The high temperatures can be
used for reforming a wide range of hydrocarbon fuels into hydrogen rich gas without the use of a
catalyst.  Thus it would be possible to eliminate problems associated with catalysts , such as
narrow operating temperatures, sensitivity to fuel composition, poisoning, and slow response
times.



The plasmatron would be used to boost the temperature and kinetic reactions in a reformer,
resulting in hydrogen-rich gas production throughout a wide range of operation, from partial
oxidation to steam reforming.  The boosting of the conversion process would occur as a result of
the  creation of a small very high temperature region (3000-10000 K) where radicals are produced
and as a result of  increasing the average temperature in an extended region.

The additional heating provided by the plasmatron would serve to ensure a sufficiently high
number of chemically reactive species, ionization states, and temperatures for the partial
oxidation or other reforming reaction to occur with negligible soot production and a high
conversion of hydrocarbon fuel into hydrogen rich gas.  The effective conversion of hydrocarbon
fuel is aided by both the high peak temperature in the plasma and the high turbulence created by
the plasma.  These features should facilitate the use of plasmatron devices for reforming heavier
hydrocarbons including biofuels and waste oils.

The plasma conditions (high temperatures and a high degree of dissociation and substantial
degree of ionization) can be used to accelerate thermodynamically favorable chemical reactions
without a catalyst or provide the energy required for endothermic reforming processes. [3]
Plasma reformers can provide a number of advantages:

• compactness and low weight (due to high power density)
• high conversion efficiencies
• minimal cost (simple metallic or carbon electrodes and simple power supplies)
• fast response time (fraction of a second)
• operation with a broad range of fuels, including heavy hydrocarbons (crude) and with “dirty”

hydrocarbons (high sulfur diesel).

The technology could be used to manufacture hydrogen for a variety of stationary applications
e.g., distributed, low pollution electricity generation from fuel cells [1].The ability to rapidly vary
the plasmatron parameters (energy input, flow rate, product gas composition, etc) makes this
technology very attractive for applications with dynamic demands of hydrogen rich gas.

In the past, plasmatron systems have been used in the reforming of natural gas. [3] In the case of
natural gas, for partial oxidation/water shifting, it was determined that the specific energy
consumption in the plasma reforming processes is 16 MJ/kg H2 with high conversion efficiencies.
A one stage system has been demonstrated for hydrogen production with low CO content
(~1.5%) with power densities of ~30 kW (H2 HHV)/liter of reactor, or ~10 m3/hr H2 per liter of
reactor. Power density should further increase with increased power and improved design.

This paper extends the previous work in natural gas  in plasma reforming experiments to the
conversion of diesel fuels using heterogeneous processes.  Section 2 describes the experimental
setup.  Section 3 describes the results for a given set of plasmatron parameters as a function of
the reagent composition.  Finally, Section 4 described the conclusions and directions for future
work.



2. Description of the Setup

In this section, the experimental facility, as well as the methods and reagents used, are described.

A schematic diagram of a plasmatron is shown in Figure 1.  The arc is generated between the
water-cooled cathode with a hafnium tip, and a water-cooled tubular anode. The gas to the
plasmatron has a large vorticity in order to spin the arc, centering the cathode arc root in the
hafnium tip, and rotating the anode spot.

Figure 1.  Schematic diagram of the plasmatron.

The diesel was injected downstream from the arc, as shown in Figure 1.

Both gas phase reactions as well as catalytic reactions were studied for air  and air/water vapor
mixtures injection into an air plasma.  In the heterogeneous experiments, nickel based catalyst on
alumina support was used.  The catalyst (United Catalyst C-11) came in rings, and best results
were obtained with crushed catalysts to 5 mm average size.

Drinking water was the source of the steam. The gas analysis was performed using a HP M200D
GC, with two columns and with two thermal conductivity detectors.  Calibration gases were
provided by Matheson Gas. The diesel fuel was acquired from a local gas station, and was not
characterized.  The sulfur content of the diesel was not measured, but was probably around 500
ppm.

Cathode

Anode

Water inlet

Water outlet

Air

Air/water/diesel
mixture



(a)     (b)
Figure 2.  Photograph of plasmatron used in experiment. Photograph of the advanced reactor

setup.

A picture of the plasmatron that was used in the experiments is shown in Figure 2(a).  The arc
parameters were 18A and about 120 V for the experiments described in this paper.  Due to
limitations in time, the power was not varied.

Figure 3 shows an schematic of the plasmatron and the catalytic reactor.  The catalytic reactor
consists of 3 sections: the first one is made of 3 mm (1/8 in) steel walls, a double wall section, and
an air-heat exchanger.

The reactor has an internal diameter of 4 cm (1.5 in) and is insulated with an insulating coating of
Saureisen, 0.5” thick.  In addition, the outside of the reactor is also insulated with thermal
insulation blanket (Zircon).  The catalyst was placed in the first two sections of the reactor, filling
all the available space. Due to resource limitation the temperature of the catalyst in the reactor
was not measured. The temperatures of the steam and preheated air were measured.

The diesel, air and water prior to injection into the system were preheated in different methods in
the experiments, as described in the next section..



In the experiments described in this paper, the diesel flow was 0.31 –0.4 g/s.  The air flow rate
was varied around partial oxidation conditions, and the water to carbon ratio was varied from
1.16-2.6.

Plasmatron

Double wall

reactor

(heat exchanger)

Heat

exchanger

Reactor

Catalyst

Secondary in

Secondary out

Thermal insulation

High temperature

insulation

Steel

Secondary in

Secondary out

Figure 3.  Schematic diagram of plasmatron, reactor, double wall reactor and heat exchanger

3. Experimental results.

Three sets of experiments were carried out, in accordance with the process equipment design.
The main difference in the experimental setup of the equipment design was in the preheating
schemes.

A. First process setup

The first set of experiments was carried out without diesel preheating. The air was preheated in
the heat exchanger. The water and preheated air were subsequently introduced in the double wall
section. The preheated air and water, and the diesel, were injected into the plasmatron.  The water



to carbon ratio in these experiments varied from 1.6-2.6, with a diesel flow rate of 0.31 g/s.  The
power input was held near constant in these experiments.

Fig. 4. Composition of the reformate for the case of no preheat of diesel fuel.

The composition of the reformate in this case is shown in Figure 4. The oxygen to carbon ratio
was varied. Partial oxidation corresponds to 1 in the ordinate scale. This results indicate that very
little methane was generated, less than about 2 %.  The concentration of CO was lower than that
of hydrogen, indicating that some steam reforming or water-shifting has occurred.  For partial
oxidation with no water shifting, the ideal composition of the reformate is 25% H2, 25% CO and
50% N2 (assuming CH2 as the carbon/hydrogen ratio in the fuel).

Figure  5.  Hydrogen yield in diesel reforming.  No preheating of the diesel.



The corresponding hydrogen yield is shown in Figure 5.  The hydrogen yield varies between 0.8
and 1.2. The hydrogen yield has a small minimum under conditions of partial oxidation,
increasing to both directions of pyrolysis and combustion.

It should be noted that the ideal hydrogen yield is 1.9, if all the CO is water shifted into H2.
However, as can be seen in Figure 4, only about 1.3 of the CO was water shifted in our
experimental setup.

Figure 6.  Composition of the reformate with air, diesel and water preheating
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Figure 7.  Hydrogen yield in the case of air, water and diesel fuel preheating



B. Second process setup

In the second set of experiments, air was heated in heat exchanger, with the water and diesel
evaporation (preheating) in reactor with double walls.  In this set of experiments, the diesel flow
rate was held constant to about 0.39 g/s, and the water to carbon ratio was varied between 1.4 and
1.8.

Figure 6 shows the composition of the reformate, while figure 7 shows the hydrogen yield. In this
case, the maximum hydrogen composition occurs at condition on the pyrolysis side of partial
oxidation. Due to the fact that the exact fuel composition is unknown, the real stoichiometric
partial oxidation conditions could be different from what is shown as 1 in figures 6 and 7.
However, the CO is very little converted in the system, since the CO2 concentration are very
small, at most 3% and the CO concentrations are around 20 %.  Towards the pyrolysis side, the
methane yield was also very small, increasing slightly towards partial oxidation conditions.

C. Third process setup

In the last set of experiments, water was preheated in the reactor with double walls, without air
preheating. The diesel fuel was preheated electrically.  The diesel flow rates were comparable to
those in the previous set of experiments (0.39 g/s), and the water to carbon ratio was 1.22-1.64.

Figure 8.  Composition of reformate in the case of no air preheating.

Figure 8 shows the composition of the reformate.  As in case 2, the maximum hydrogen
concentration occurs on the pyrolysis side of partial oxidation. There is still little conversion of
the CO through water-shift reaction.  The corresponding hydrogen yield is shown in Figure 9.
This case shows the largest hydrogen yield from all the cases studied, about 1.4 (from a
maximum possible yield of 1.9).  The methane concentration at the maximum hydrogen yield is
also the smallest for the three cases investigated.



Also shown in Figure 9 are the results for a 50% greater fuel flow rate (with corresponding
increases in the air and the water flows).  The results are lower for the cases investigated (towards
pyrolysis from partial oxidation).  If the results can be extrapolated, it seems likely, though that at
conditions of partial oxidation the hydrogen yield is not going to be much lower than in the case
of lower throughputs.

4. Discussion and directions of future work.

Preliminary results of using a plasma reformer for conversion of diesel fuels have been presented.
Although preliminary, several things have been well established:

• There is no creation of soot, even in conditions that are on the pyrolysis side of partial
oxidation.

• There are no higher hydrocarbons in the reformate than methane.
• Methane yields are low, less than about 3% under most conditions.
• The highest hydrogen field has been achieved under condition where diesel fuel was

electrically preheated and partially vaporized.

The composition of the reformate with the highest hydrogen yield (1.4) is (vol%): 28%-30% H2,
14%-20% CO, 4.2%-7.6% CO2, 0.6%-1.5% CH4, and the balance is N2. The ethane concentration
was measured to be less than 0.1%.  The specific energy consumption is 29-32 MJ/kg H2.

Figure 9.  Hydrogen yield for the case of water/air preheat, no air preheating



Table 1 shows a comparison between the plasma catalytic reforming of methane [3] and diesel
fuel.

Table 1.  Comparison of plasma catalytic reforming of diesel and methane.

The energy consumption of H2 + CO mixture is practical equal to both types of fuel, but the
remaining methane concentration in the reformate gas is much lower for the diesel fuel.  It shows
higher conversion efficiencies for diesel reforming.  Produced mixture of H2 + CO could be
readily reformed to H2 + CO2 without any additional energy consumption in the second stage of
the process via a conventional water-shift reaction.

The single step reforming/water shifting results that were obtained previously with methane,
could not be reproduced with diesel fuel.  Several setups were used to try to improve this
condition, mainly affecting the process equipment (heat exchanger, vaporization of water/diesel,
etc).  In the end, we built a advanced reactor (see Figure 2b), with multiple temperature
monitoring along the reactor (6 thermocouples along the axis), and connected it to a second
reactor, where water shifting could be tried if the first reactor failed to provide one-step reformer.
The multiple temperatures could provide basic information that could be used to optimize the
water-shifting of the CO.  However, due to lack of resources, the temperature distribution of the
first reactor was not monitored, and neither was the use of the second reactor (for water-shifting).

The tests were carried out with a small plasmatron, and the power was limited by the limitations
of the hood in which the experiments were performed. Larger plasmatrons, better reactor thermal
insulation, efficient heat regeneration and improved plasma catalysis could play a major role in
specific energy consumption reduction and increasing the methane conversion.

Preheating (evaporation!) of diesel provides better process parameters compared with injection of
diesel without preheating.  The specific energy consumption for H2 production is higher than
under CH4 processing due to low H2 yield under CO conversion.  This is due to limitations in
reactor design, as water shifting the CO is relatively easy.  If it is assumed that the CO is
converted into H2, then the specific energy consumption for hydrogen production is similar to
that from CH4.  This is the case even though diesel has reduced hydrogen content per carbon
atom than CH4.  In other words, even though it is easier to reform diesel than methane, the
energy expenditure per hydrogen is the same as in methane due to the fact the hydrogen content
in diesel is smaller.

In future work, the following systems will be explored:
• improved process equipment design
• external boiler for water vapor production
• usage of alternative catalysts

Methane Diesel
Total H2+CO content (vol%) 42-49 44-50
CH4 content (vol %) 5.9-6.4 0.6-1.5
Energy consumption (MJ/m^3 of H2 and CO) 1.4-1.7 1.5-1.7



• improved fuel/water injection, with maximal atomizing of liquid diesel.

5. Conclusion

Good reforming, with no noticeable soot production, was obtained. The specific energy
consumption was equal to that previously obtained with methane reforming, with much reduced
concentration of methane in the reformate.
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PLASMA CATALYTIC REFORMING OF NATURAL GAS

L. Bromberg, A. Rabinovich, N. Alexeev and D.R. Cohn
Plasma Science and Fusion Center, Massachusetts Institute of Technology

Cambridge, MA 02139

Abstract

In this paper, recent results of plasma processing of natural gas are described.  The use of a plasma
reformer for the generation of hydrogen rich gas from natural gas has been investigated. In an
accompanying paper, progress in plasma reforming of diesel fuel is described.  The reformate
composition has been investigated as a function of the initial mixture of air and methane. High methane
conversion, near 100%, was obtained at relatively low values of plasmatron power.  Soon-to-be-
implements improvements in the overall reformer, including multiple heat exchanger for efficient thermal
management and multiple water shift reactors, are described.

1. Introduction

Manufacturing of hydrogen from natural gas, biofuels and other hydrocarbons, is needed for a variety of
applications. Plasma technology could provide important improvements in reforming hydrocarbon fuels
for the production of hydrogen-rich gas for fuel cells and other applications [1-3]. The plasma conditions
(high temperatures and a high degree of ionization) can be used to accelerate thermodynamically
favorable chemical reactions without a catalyst or provide the energy required for endothermic reforming
processes. Plasma reformers can provide a number of advantages:

• Economically attractive hydrogen generation with small production level
• high conversion efficiencies
• decreased problems of catalyst sensitivity and deterioration without soot production
• compactness and low weight (due to high power density) and minimal cost
• fast response time (fraction of a second)



Hydrogen-rich gas could be efficiently produced in compact plasma reformers from natural gas.  The
technology could be used to manufacture hydrogen for a variety of stationary applications (e.g.,
distributed, low pollution electricity generation from fuel cells or hydrogen-refueling gas stations for fuel
cell driven cars).  It could also be used for mobile applications (e.g., on-board generation of hydrogen for
fuel cell powered vehicles).

In this paper, the reforming of natural gas is investigated.  The overall system is described in an
accompanying paper [4] and will only be described briefly in section 2. The thermal management issues,
not described elsewhere, are presented in section 3.

Experimental results from the kinetics investigation are described in section 4, for both the main
reformers as well as for the water shift reactor. In section 5 the results are discussed and plans for future
work are described.  The conclusions are given in section 6.

2. Experimental Setup

The plasmatron setup was similar to that described in the accompanying paper, and will not be described
here.

Figure 1.  Experimental reactor for kinetic studies of methane partial oxidation by catalytic plasma
reforming
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In order to investigate the plasma catalytic process, an experimental reactor has been designed and built.
It consists of reforming reactor and water-shift reactor. It has multiple sampling ports for both
temperature and gas composition along the length of the reactor.  The steel cylinders of both reactors
have been thermally insulated with zirconia felt insulation, placed inside of the tubes. Multiple heat
exchangers can be used, the first one after the reforming reactor and the second one after the water shift
reactor.

A schematic of the setup is shown in Figure 1. The reforming reactor is placed directly downstream from
the plasmatron and the mixing unit.  This reactor is filled with a commercially available Ni-based steam
reforming catalyst, crushed into 0.5 cm pieces.  An air heat exchanger, in construction, will be placed
downstream from the reforming reactor, to decrease the reformate temperature to that optimized for
water shifting.  The preheated air will be injected along side with the fuel into the mixing unit upstream
from the reforming reactor.

The water shift reactor, downstream from the heat exchanger, is filled with Fe-based commercially
available catalyst, crushed in the same manner as the steam reforming catalyst. A second heat exchanger
is used to manufacture the steam required in the process.

3. Thermal management, power losses and system efficiency

In this section, the thermal losses from the system are described and the exchangers designed for heat
regeneration are described.

(a) (b)
Figure 2.  (a) Histogram of losses in plasmatron/mixing unit; (b) histogram of losses in both
plasmatron/mixing unit and reforming reactor.

With the novel reactor described in the accompanying paper, the temperature of the gas along the reactor
has been measured. In addition to temperature measurements, the composition of the gas was also
measured along the reactor using multiple sampling ports.  The gas composition was analyzed using an
HP M200D GC, with two columns and with two thermal conductivity detectors. The gas enthalpy is
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determined from the gas temperature and composition.  Decreased enthalpy of the gas as it flows
downstream is due to losses in the system.

The losses in the plasmatron and the reforming reactor have been measured along the reactor, under
many conditions of plasmatron operation and air/natural gas throughput.  The plasmatron power was
held approximately at 2.3 kW during these experiments. The results are summarized in Figure 2a, which
shows a histogram of the energy loss in the section prior to the catalyst.  The measured losses indicate
that about half of the energy provided by the plasmatron has no effect on the reforming in the catalytic
section. The typical loss is about 1 kW, with a relatively narrow distribution.  The distribution of loss is
due to noise in the measurements and due to the method of calculating the losses.

Figure 3.  Counterflow heat exchanger

From the above discussion, it should be possible to decrease the plasmatron power by about a factor of 2
if the losses can be eliminated.  Methods of eliminating the losses are described in Section 5.

The losses in the catalytic reactor are much smaller.  A histogram of the losses in the plasmatron/mixing
unit and in the reforming reactor is shown in Figure 2b.  The average value of the combined losses is
~1.25 kW, vs ~1 kW in the plasmatron/mixing unit alone.  Therefore, the losses in the reforming reactor
are about 0.3 kW, not negligible but small.

An efficient gas-to-gas counterflow heat exchanger has been designed.  In order to test the design, a
version with reduced complexity was built and tested.. Figure 3 shows a picture of the device.  The hot
reformate flows through tubes, while the counterflowing air flows in-between tubes.  The unit was built
from steel for high temperature operation.

The reduced-complexity heat exchanger was tested and found suitable for operation with reformate gas.
The heat recovery efficiency of the tested plasmatron was 20%, in agreement with calculations.  The
more efficient heat exchanger is in the process of being constructed.



4. Kinetics of Catalytic Plasma Reforming

The experimental reactor was used to investigate the plasma catalysis process, with methane as the fuel.

A typical composition of the gas as it moves downstream in the reforming reactor is shown in Figure 4.
For sufficiently high initial temperatures of the reagents, the process is complete about 10 cm into the
reforming reactor, as shown in Figure 4(a).  If the temperature is not sufficiently high, the conversion is
incomplete even at the end of the reactor, as shown in Figure 4(b). It is possible to decrease the size of
the catalyst reactor by increasing the temperature of the reagents.  This can be done by preheating the
reagents, or by increasing the plasmatron power.

(a)       (b)
Figure 4. Reformate composition and temperature profiles along the reforming reactor for conditions of
(a) complete conversion (b) incomplete conversion.

The water shift reactor performance is shown in Figure 5. It is clear that the water shift reactor was not
sufficiently long for achieving the water-shifting reaction.  The temperature is also shown in Figure 5
indicates that there are minimal losses in the water-shift reactor.

The best results obtained with the new system indicate a methane conversion of >95% with a specific
energy consumption of 14 MJ/kg H2, without the use of heat regeneration and with substantial thermal
losses in the plasmatron/mixing unit.  It is estimated that with reduced losses in the plasmatron/mixing
unit and with the use of heat regeneration, it is possible to decrease the specific energy consumption to 7
MJ/kg H2.  At the lower specific energy consumption, the electrical requirements of the plasmatron are
5% of the heating value of the hydrogen generated.
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Figure 5.  CO concentration profile in the water shift reactor.

The heat exchangers are under construction.  The following section described methods of decreasing the
large thermal losses in the plasmatron/mixing unit.

(a) (b)
Figure 6.  (a) Present plasmatron/mixing unit and (b) improved plasmatron/mixing unit

5. Improved Thermal Management

As described above, the plasmatron and the mixing units have losses that amount to about ½ of the
electrical input. The efficiency of typical plasmatron, without chemical processing, is on the order of 75-
90%. The exothermic reaction that takes place in the mixing unit downstream from the plasmatron can
increase the gas temperature and increase the losses. In this section, methods of minimizing the losses
are described.

Figure 6(a) shows the plasmatron used in the experiments described in this paper. The mixing unit is an
extension of the anode.   The anode is aggressively water cooled in order to minimize electrode erosion.
Downstream from the mixing unit, a pair of water cooled flanges connect the plasmatron to the
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reforming reactor. The thermal losses are due to the proximity of water cooled walls to regions of high
temperature, increased because of the exothermic reactions that take place in the mixing unit.  Although
losses were expected, their magnitude was not.

In order to decrease the losses, it is necessary to redesign the mixing unit and the connection between the
plasmatron and the reforming reactor. Figure 6(b) shows a schematic diagram of the modified setup. The
mixing unit is shorter and flared, while the flange than connects the plasmatron to the reforming reactor
is placed behind thermal insulation.

This setup should substantially decrease the losses.  The unit shown in Figure 6(b) is being
manufactured, and will be tested in the near future.

6. Discussion

Two of the applications of the plasmatron reformers are decentralized hydrogen production applications
(for hydrogen fueled vehicle fleets, for hydrogenation, and other) and for incorporation with a fuel cell
stack for decentralized power production.  Table I shows the characteristics of such systems, assuming a
3 kW fuel cell.

Table I

Three cases are shown in Table I.  The first one refers to the presently achieved performance, with 14
MJ/kg H2.  The second one is for the near term extrapolation of 7 MJ/kg H2, with decreased losses in the

Present Near term Long term
Status goals goals

Decentralized hydrogen production application (natural gas)

H2 production g/s 1.7 1.7 1.7
H2 throughput m3/hr 60 60 60

cfm 30 30 30
H2 power kW    200    200    200
Plasmatron electrical power kW 20 10 5
Plasmatron power/H2 thermal power 10 20 40
Fraction of FC power to drive plasmatron 0.2 0.1 0.05

Decentralized fuel cells (diesel)

H2 production g/s 0.05 0.05 0.05
H2 throughput m3/hr 1.80 1.80 1.80

cfm 0.90 0.90 0.90
H2 power kW 6000 6000 6000
Plasmatron electrical power kW 0.94 0.47 0.24
Plasmatron power/H2 thermal power 6.36 12.73 25.45
Fraction of FC power to drive plasmatron 0.31 0.16 0.08
Fuel flexibility



plasmatron/mixing unit.  And the last column is for a specific energy consumption of 3.5 MJ/kg H2

achieved through efficient heat exchangers.

With methane at $2.5/MMBTU and with electricity at $0.05/kWhr, the presently achieved specific energy
consumption indicates that the cost of electricity is about half that of the cost of the natural gas. This
ratio is less than 1/3 for the near term and 1/5 for the long term.

Two groups are determining the cost of the hydrogen produced by a system that incorporates the plasma
reforming: NREL [5] and a team consisting of MIT and BOC Gases (Murray Hill, NJ). These two groups
are independently integrating a plasma reformer in a hydrogen manufacturing process, and evaluating the
capital cost, the operating costs, and the cost of the hydrogen, as a function of plant capacity.  These
results will be presented in the near future at the American Chemical Society Symposium on Hydrogen
Production, Storage and Use, New Orleans (August 1999) [6].

7. Conclusions

The loss mechanisms in the plasma reformer have been determined through detailed investigation of the
process using a new reformer and water-shift reactors.  With this information a new plasmatron/mixing
unit has been designed that will minimize these losses and substantially decrease the specific energy
consumption of the plasmatron.

The reformer reactor kinetics have been studied.  More knowledge is required in order to optimize the
system.  The optimization will yield smaller units and decreased cost of hydrogen. The same
investigations in the water shift reactor indicate that the existing reactors length is inadequate at present,
and longer units will be required for increased conversion of CO into H2.

System that incorporate the plasma reformer have been scoped, and it has been determined that the cost
of electricity is a small fraction of the final cost, even using present data.

Plasma catalytic reforming of natural gas offers the possibility of competitive production of hydrogen in
small units.
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Abstract

The novel Sorption Enhanced Reaction Process has the potential to decrease the cost of hydrogen
production by steam methane reforming by 15-30% depending on plant size and H2 purity.  Current
effort for development of this technology has focused on adsorbent scale-up and characterization,
experimental process testing, process design development and evaluation, and construction of a fully
cyclic experimental process test system.

A preferred CO2 adsorbent, K2CO3 promoted hydrotalcite, has been shown to satisfy all of the initial H2-
SER performance targets and has been scaled up (in the lab) to produce a 50 lb batch for process testing.
Recent experiments show that the adsorbent is stable at up to 550C, the CO2 capacity is high even in the
presence of steam, the mass transfer rate is fast (sharp breakthrough curves), and the adsorbent can be
used in a pressure swing adsorption cycle.  A new method of promoting the adsorbent with carbonate
(spray impregnation) has been developed and demonstrated.  Plans for scale-up of the promoted
adsorbent to >1000 lb range are being discussed with multiple vendors of the hydrotalcite support.
Synthesis procedures for a promising second class of adsorbents have been improved to produce higher
yields of material with better thermal stability than previous samples.

The process cycle for the H2-SER process has been simplified by using a mixture of 5-10% H2 in steam
as a purge and pressurization fluid.  Single-step process experiments (not cyclic) have been carried out to
show that the presence of steam in the reactor does not negatively impact the performance of the



subsequent sorption-reaction step.   Methane conversion in the H2-SER reactor is much higher than for a
conventional catalyst-only reactor operated at similar temperature and pressure.  At 450C and 55 psig,
the reactor effluent gas consists of 95+%H2, balance CH4, with only trace levels (<50 ppm) of carbon
oxides.

A process design for a H2-SER unit utilizing an alternative method for providing heat to the SER
reactors, via indirect gas heating, has been developed.  Higher reaction temperatures (400-500C) can be
achieved with this approach.  The economics of this design are as favorable as previous designs based on
heat transfer with a vaporized heat transfer fluid.  The H2-SER approach retains its economic advantage
over conventional reforming even at higher production rates of 10 MM SCFD H2.

A second experimental process test unit has been constructed which will permit demonstration and
characterization of the performance of  the fully cyclic H2-SER process in FY99.



Introduction

The goal of this work is to develop a novel, more cost-effective steam-methane reforming (SMR) process
for the production of hydrogen.  The overall SMR reaction is given by:

CH4 + 2 H2O ⇔ CO2 + 4 H2

The novel concept is called the Sorption Enhanced Reaction Process (SERP).  The reactants, steam and
methane, are fed at 400-500°C and 50-300 psig into a tubular reactor containing an admixture of
commercial reforming  catalyst and an adsorbent for removing carbon dioxide from the reaction zone.  A
reactor effluent consisting of relatively pure hydrogen (95-98+%) is produced during this step.  The
primary impurity is methane with traces of carbon oxides.  Once the adsorbent is saturated with CO2, it
is regenerated in situ by using the principles of pressure swing adsorption (PSA) at the reaction
temperature.

The key benefits of producing H2 by the SERP concept are:

(i) reforming at a significantly lower temperature (400-500°C) than a conventional SMR
process (800-1000°C), while achieving the same conversion of methane to hydrogen

 (ii) significantly lower capital cost
 (iii) production of hydrogen at feed gas pressure (50-400 psig) and at relatively high purity

directly from the reactor (95% H2, 5% CH4, trace CO/CO2)
 (iv) significant reduction or even elimination of downstream hydrogen purification steps
 (v) reduction of CO in the SER reactor effluent to ppm levels - elimination of shift reactors
 (vi) minimization of side reactions, e.g., coking
 (vii) reduction of the excess steam used in conventional SMR.

The key program goals and milestones for the cooperative APCI/DOE SER Project during the current
year are listed below:

(1) Characterize the performance of H2-SER process steps with respect to process variables.
(2) Develop new H2-SER designs for economic analysis, as appropriate.
(3) Complete construction of a cyclic SER process test unit.
(4) Identify and demonstrate improved CO2 adsorbents for the H2-SER process.

Experimental Systems

Experimental equipment used to characterize the performance of various CO2 adsorbents and for
investigating the H2-SER process steps have been described by Hufton et al. (1997; 1998) and Mayorga
et al. (1997).  Adsorbent screening is performed with a thermal gravimetric adsorption unit (for
measurement of dry CO2 working capacity), a binary desorption unit (to determine CO2 capacity in
steam environments), and a hydrothermal stability unit (to assess physical and chemical stability of
adsorbents in steam/CO2 mixtures at elevated temperatures).  Procedures and equipment have also been
developed for the production of pelletized forms of the synthesized adsorbents.  Process and adsorption



breakthrough experiments have been carried out in an electrically-heated fixed bed tubular reactor
(SER#1).  These experiments have focused on individual steps of the process, rather than the fully cyclic
operation of an industrial SER process unit.

Results and Discussion

H2-SER Process  Experiments
The H2-SER process cycle was simplified and improved during the past year.  The previous cycle
included a sequence of 1) sorption-reaction, 2) countercurrent depressurization, 3) countercurrent purge
with CH4, 4) countercurrent product purge with pure H2, and 5) countercurrent pressurization with H2

(Hufton et al., 1998).  The process performance and economics can be improved by replacing the CH4

purge / H2 purge / H2 pressurization steps with a purge / pressurization sequence using a steam / H2

mixture.  Steam is cheaper than CH4 on a volume basis and can be tolerated in the sorption-reaction step
product since it is easily removed by condensation.  Ideally, pure steam would be used to purge and
pressurize the reactors, but this would also partially oxidize the Ni-based catalyst. A small amount of H2

(5-10%) is included with the steam to maintain reducing conditions.  A summary of the new process
steps is listed in Table 1.

Table 1. Modified H2-SER Process Steps.
1. Sorption-Reaction Step:  The reactor is initially presaturated with a mixture of steam and H2 at the

desired reaction temperature and pressure.  Steam and methane at a prescribed ratio (e.g., 3:1) are fed
to the reactor and an enriched H2 product (>95% purity) is collected as the reactor effluent.  The
reaction step is continued up to the point when the H2 purity in the product decreases to a preset
level.  The feed is then diverted to a second identical reactor.

2. Depressurization Step:  The reactor is countercurrently depressurized.  The effluent gas can be
recycled as feed to another reactor or used as fuel.

3. Purge Step:  The reactor is countercurrently purged with a mixture of 5-10% H2 in steam to desorb
the CO2.  The desorption pressure may range between 0.2 and 1.1 atmospheres.  The desorbed gas
consists of CH4, CO2, H2 and H2O and is used as fuel after removing H2O via condensation.

 
4.  Pressurization:  The reactor is countercurrently pressurized to the reaction pressure with the steam /

H2 mixture.   At this point, the regeneration of the reactor is complete and it is ready to undergo a
new cycle.

Process experiments with a fixed bed reactor (1.5” ID, 60” long) were carried out to determine if initial
pressurization with a mixture of steam/H2 would be detrimental to the ensuing sorption-reaction step. A
reactor containing 1:1 HTC adsorbent:catalyst at 450°C was initially pressurized to 55 psig with a mixture
of 20% H2 / 80% steam, and then fed a feed gas of 14% methane in steam. The average effluent gas
composition during the sorption-reaction step plotted versus the net amount of hydrogen produced from



the reactor is illustrated in Figure 1.  The reactor produces 0.8 mmole of H2 product per g of solid in the
reactor, at an average purity of 96% H2, 4% CH4, and less than 50 ppm CO + CO2.  The methane
conversion to H2 product reaches 82%.  The conversion and product purity are substantially higher than
the thermodynamic limits for a catalyst-only reactor operated at these same conditions (28% conversion,
53% H2, 34% CH4, 13% CO/CO2).  The effect of steam in the pressurization gas has no negative impact
on the sorption-reaction step performance.
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Figure 1. Average Product Gas Composition during a Sorption-Reaction Step with Initial
H2/Steam Pressurization as Measured on Lab-Scale SER#1 Unit; 6:1
steam/carbon feed, 1:1 adsorbent (HTC)/catalyst, 55 psig, 450C.

The development of a novel K2CO3/hydrotalcile (HTC) CO2 adsorbent for the H2-SER process has been
described previously (Mayorga et al., 1997; Hufton et al., 1998).  The adsorption properties of this unique
material were characterized during the past year.

Cyclic adsorption/desorption experiments were carried out with HTC in the Binary Desorption Unit
(BDU) to determine the working capacity and stability of the adsorbent at temperatures greater than
400°C (the upper limit of previous cyclic tests).  Adsorbent sample at 550°C was repetitively exposed to
two hours of 0.3 atm CO2 / 9.7 atm steam and two hours of 1 atm N2.  The effective working capacity of
the adsorbent is illustrated in Figure 2.  The CO2 capacity initially declines but then stabilizes after 10
cycles at ~ 0.5 mmole/g solid.  Similar trends were observed at a temperature of 450C.  A separate batch
of adsorbent was continuously exposed for 16 days to a static environment of 0.3 atm CO2 and 18 atm
of steam at 450 and 550°C.  The CO2 capacity of the exposed material was found to be essentially the
same as the fresh material.  These tests indicate that the adsorbent is stable and has a high CO2 working
adsorption capacity in steam environments at temperatures between 450 and  550°C.
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Figure 2.  CO2 Working Capacity on K2CO3/HTC at 450 and 550C Measured on the BDU.

A series of breakthrough experiments were carried out with the SER#1 process test unit to generate the
CO2 adsorption isotherm at 450C, characterize the adsorption mass transfer process, and demonstrate
cyclic performance of the HTC adsorbent.  The first two tasks were completed with both dry CO2/N2

feed streams and with steam-containing feed gas streams.

A series of breakthrough experiments were carried out at 250 psig, 450C, with a column packed with 1:2
K2CO3/HTC adsorbent:catalyst mixture and a feed gas of 2% CO2 in N2 (CO2 partial pressure of 0.38
atm).  This CO2 concentration is consistent with the equilibrium amount of CO2 formed from the SMR
reaction at these pressure / temperature conditions (3:1 S/C feed).  The column was thoroughly
regenerated overnight with 2-4 lpm N2 at 1 atm and 450C between breakthrough experiments.  These
experiments yield a stable CO2 capacity (~0.48 mmole/g adsorbent) after the first adsorption/desorption
cycle.  Regeneration of the packed column by N2 purge yields the same amount of CO2 in the effluent
gas as was adsorbed during breakthrough (within ± 10%), indicating that the adsorption during the latter
cycles is completely reversible.

A breakthrough curve obtained at a G-rate of 1.8lbmole/hr-ft2 is plotted in Figure 3 (squares).  The initial
portion of the CO2 concentration profile is very steep, indicating that the adsorption mass transfer
process is fast.  A more disperse concentration profile is observed as the effluent mole fraction
approaches the inlet value of 2.0%, which is likely due to heat transfer effects.
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Figure 3: CO2 Breakthrough Curves on K2CO3/HTC Adsorbent at 450°°C.

The same experimental system was used to determine the effect of feed flow rate on the length of the
adsorption mass transfer zone (LMTZ).  The LMTZ provides a quantitative indication of effect of the rate
of mass transfer on the adsorption step.  Fast mass transfer processes are characterized by small LMTZ’s
.  For a feed rate of 0.23 lbmole.hr-ft2, the experimental LMTZ was only 4.2 inches based on
breakthrough at yCO2=0.01%.  Increasing the G-rate increased the LMTZ as illustrated in Figure 4.
Extrapolation of these data to a feed G-rate of 100 lbmole/hr-ft2 (a high industrial rate) yields a LMTZ of
35 in.  The overall effect of this LMTZ on process performance will be small since 35 inches is only a
small fraction of the total industrial reactor length (e.g. 20ft).

An isotherm for dry CO2 on the K2CO3/HTC adsorbent generated from breakthrough experiments (0 to
250 psig, 450C, 1:2 K2CO2/HTC adsorbent:catalyst, 0.1 to 10% CO2 in N2) is illustrated as solid blue
squares in Figure 5.  These data were obtained after the adsorbent had been subjected to a number of
CO2 adsorption/desorption cycles, so the data correspond to the reversible CO2 adsorption component
and exclude the irreversible component.  Also included in this plot are data obtained from a TGA and a
volumetric uptake unit.  The data from different analysis units are in reasonable agreement.  The isotherm
is Type I shape with relatively steep initial slope (Henry’s law region).  The final stable CO2 capacity of
the adsorbent at CO2 partial pressures consistent with H2-SER (PCO2>0.3 atm) are greater than the target
value of 0.3 mmole/g adsorbent.
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Figure 5:  CO2 Adsorption Isotherm on K2CO3/HTC Adsorbent at 450°°C.

Desorption characteristics of CO2 in dry N2 were also evaluated from the above breakthrough
experiments by countercurrently depressurizing the saturated column to 1 atm and purging at 450C with
a given flow rate of N2.  This approach is capable of removing all of the CO2 adsorbed during the



breakthrough step (excluding the ‘irreversible’ adsorption associated with the first exposure to CO2).
The amount of CO2 desorbed during depressurization is typically 5% of the total.

Adsorption breakthrough experiments were also carried out in the presence of steam (adsorption of 2%
CO2, 18% N2, 80% steam at 450C, 50-250 psig, purge at 1 atm with 60% N2, 40% steam).  The CO2

adsorption capacity in the presence of steam is essentially the same as under dry conditions, as indicated
in the isotherm at 450C (Figure 5).  The mass transfer zone sharpened with addition of steam (Figure 3)
yielding smaller LMTZ’s at a given feed flow rate (Figure 4).  The presence of water vapor in the purge
gas had no significant effect on the desorption characteristics of CO2 from HTC.

Repetitive cycles of adsorption (2.1% CO2/N2, 450C, 1.86 lbmole/hr-ft2) / countercurrent
depressurization / countercurrent N2 purge (1 atm, N2, 0.27 lbmole/hr-ft2) / countercurrent N2

pressurization were carried out with 1:2 K2C3/HTC : catalyst to investigate the cyclic behavior of the
adsorbent.  The volumetric ratio of purge to feed gas (P/F ratio) was held at 2.0, which is relatively high
for a conventional separative PSA, but is much lower than the effective value of ~18 used in the first pass
H2-SER designs.  The effluent profiles for cycles 7-10 (Figure 6) match well, indicating that cyclic
steady-state performance can be achieved with this system.  This set of conditions would be capable of
producing CO2-free product if the column length was extended.  The residual CO2 left on the adsorbent
between regeneration and adsorption steps decreased the effective CO2 capacity and increased the LMTZ
for this experiment compared to clean-column experiments.  Higher effective CO2 capacity and lower
LMTZ can be achieved for higher P/F ratio. These results demonstrate that the adsorbent can be utilized
effectively in a PSA-based process.
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Figure 6: Effluent CO2 Composition during Repetitive Feed/Depressurization/
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The H2-SER process utilizes a Ni-based prereforming catalyst to catalyze the reaction of steam and
methane at 400-500°C.  It is known that some prereforming catalysts can lose physical strength when
exposed to high levels of steam and temperatures > 400°C.  The stability of ten different commercial Ni-
based catalysts (reforming, prereforming, and methanation catalysts) was evaluated by determining
physical crush strength before and after exposure to 1-8 days of 18 atm of steam at 550C.  Materials



which passed this test were then screened for SMR activity at 400-550°C.  For many of the catalysts, the
crush strength dropped by 50% or more after only a few days of steam exposure.  A reforming and
prereforming catalyst were identified with high crush strength and >95% CH4 conversion at 400°C, 3:1
steam/CH4, 18 atm, 24,000 hr-1.  The prereforming catalyst is an alternative formulation of the material
we have used in previous SER experiments. We will test these two catalysts in the SER process via the
lab-scale SER#1 unit and the new cyclic SER#2 unit (described later in this paper).

The heat of adsorption, i.e. the amount of energy released when CO2 is adsorbed onto the K2CO3/HTC
adsorbent, is an important design variable for the SER process.  There has been some discrepancy
between heats of adsorption measured from breakthrough experiments, TGA/BDU experiments, and
expected values based on the mechanism of CO2 adsorption.  To resolve these differences, we have built
an experimental unit based on a volumetric technique to determine heats of adsorption for the CO2/HTC
system.

Process Development Work
Two approaches have been developed for providing reaction energy to the SER reactors.  Both are based
on shell-and-tube reactor configurations with the catalyst/adsorbent mixture on the tube-side and a heat
transfer medium on the shell-side.  Use of vaporized heat transfer fluid, designated the HTF approach, as
the shell-side fluid has been described in previous reports (Hufton et.al.,1998).  This system is limited to
temperatures of 400°C due to the characteristics of the organic heat transfer fluid.

A second approach, capable of reaching temperatures of 400-550°C, is based on transfer of sensible heat
from hot flue gas (the indirect gas heating, or IGH, approach).  Since the shell-side heat transfer
coefficient is lower for this case, finned reactor tubes are used to achieve adequate heat transfer flux to
the reaction gas.  An axial temperature gradient is formed which decreases in the direction of flow of the
flue gas.  A patent application (Sircar, et. al., 1999) has been filed which describes how this gradient in
temperature can be used to improve process performance.

A detailed H2-SER process design was developed for the IGH approach.  Like the HTF H2-SER design,
it utilizes conventional types of process equipment.  The economics of both the HTF and IGH designs
were evaluated for production of 99.9% H2 at 2.5 and 10 MMSCFD production levels.  The results show
that the two approaches are both economically feasible, producing H2 at 20-25% lower cost than
standard reforming technology at 2.5 MMSCFD, and 10-20% lower at 10 MMSCFD H2.  Even greater
savings (~30%) could be realized if a product of 95%H2, 5%CH4, and 100ppm CO+CO2 is acceptable
(e.g. fuel cell applications).

A major advantage of the H2-SER process is that it can produce relatively high purity H2 with only 5-
10% CH4 and very low (ppm) levels of carbon oxides.  A conventional reformer and shift reactor, on the
other hand, typically yields product gas containing 75% H2, 5% CH4, 16% CO2 and 4% CO.  A Pressure
Swing Adsorption (PSA) unit, used to separate H2 from this feed gas, must contain a large amount of
adsorbent to remove the carbon oxides.  In principle, the absence of carbon oxides in the SER product
gas can lead to a smaller and cheaper PSA unit.  Simulations were carried out with the APCI adsorption
process simulator to confirm these ideas.  The results showed that for the production of high purity H2,



higher H2 recovery (1-2 points) can be achieved with 40% smaller adsorption beds when the SER
product gas is used as feed.

Construction of the SER#2 Process Test Unit
A great deal of current year effort was directed towards the development of a cyclic process test unit,
referred to as SER#2.  Unlike the current lab unit, the SER-2 system will permit study of the full
sequence of SER process steps, performed in repetitive fashion, in a pair of industrial-scale tubular
reactors at relatively high feed/purge flow rates (feed G-rate = 10 lbmole/hr-ft2).  The unit will be used to
demonstrate the cyclic steady-state performance of the SER system, and will allow us to directly
characterize parameters such as CH4 conversion, H2 product purity, and H2 productivity with respect to
important process variables.  These include reactor temperature, purge pressure and quantity, feed
pressure, feed steam/methane ratio, axial temperature gradient, feed rate, and alternative pressure
equalization steps.

A simple schematic and photograph of the SER#2 process unit is illustrated in Figures 7 and 8.  The unit
consists of two tubular reactors, each 1 in ID and 20 ft long.  It includes a feed/purge gas manifold (CH4,
natural gas, H2, N2), steam generation systems for both the feed and purge gas, various high temperature
switching valves, a vacuum system for carrying out sub-atmospheric regeneration steps, and analytical
equipment needed to continually quantify the process flow rates (wet tests meters) and compositions
(process mass spectrometer (MS)).  Data acquisition is through the programmable logic controller (PLC)
and process MS and includes quantification of
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Figure 7:  Schematic of SER#2 test unit

inlet and outlet flow rates, effluent gas compositions, and reactor temperatures (axially through the bed)
and pressure (inlet and outlet).  Valve sequencing is automated through the dedicated PLC system.  The
unit will be capable of testing various process sequences including vacuum purge, pressure equalization,
feed or product repressurization, etc.  Initial experiments will use external electrical resistance heaters for
supply of reaction energy.  Provisions have also been made for implementing HTF and /or IGH heating



modes.  Extensive HAZOP safety analysis have been carried out to insure that the unit can be operated
safely.

Figure 8:  Photograph of SER#2 test unit

The unit was built and commissioned in Q1-3FY99, and will be operated through Q2FY00 to generate
valuable process data.  A detailed experimental plan has been drafted to guide this work.

CO2 Adsorbent Development
Since laboratory testing of the potassium carbonate promoted HTC adsorbent has shown it to be
attractive for use in the SER process, it was decided to proceed with the scale-up of this material.
Sufficient quantities of adsorbent (~50 lbs) were prepared to sustain SER#1 and SER#2 process testing.
After obtaining a batch of formed HTC from Alcoa, the material was promoted in the lab (via 2 lb
batches) with K2CO3 using the incipient wetness method.  TGA screening of the synthesized material
showed that it had equivalent CO2 capacity and desorption characteristics under dry gas conditions to
the previous small-scale impregnation samples.   This sample has been used in most of the SER#1
process experiments, and will be used in future SER#2 studies.

Long range supply of promoted K2CO3/HTC adsorbent for future PDU and commercial units relies on
the manufacture of the activated adsorbent by an external vendor.  Samples of formed HTC (the
adsorbent ‘support’) from several different vendors have been evaluated in our lab. The as-received HTC
was promoted with potassium carbonate and tested with the TGA unit. Each had acceptable CO2

adsorption capacities at 450C that were 4-5 times greater than the non-promoted HTC.  Analysis of these
samples has also provided indications of relative properties between the various vendors such as
adsorbent crush strength, pore volume, and potassium carbonate content, in addition to CO2 capacity.
Conversations with the vendors have identified their relative strengths and weaknesses (e.g. preferred
impregnation techniques, interest in HTC business area, availability of personnel/equipment).



Aggressive supply timelines have been established with the adsorbent vendors that are based on the
adsorbent requirements of the process units (SER#2, PDU commercial units).  The first sample from the
vendors is a proof-of-principle sample which will demonstrate that K2CO3 promoted HTC adsorbent
with acceptable composition and adsorption performance can be made on a small scale using
commercial techniques.  The performance of this sample will be tested in the SER#2 cyclic unit.  After
this demonstration, a larger-scale HTC production campaign (e.g., >2000 lbs) will be conducted to
demonstrate that a significant amount of adsorbent can be made that meets all product specifications
(e.g. crush strength, CO2 adsorption capacity, pore volume, and composition).  This material will also be
qualified in SER#2 and used to supply the future PDU in CY00.  Thereafter, the promoted adsorbent will
be produced via the industrial process to supply the first commercial units.  The above timeline has been
communicated and accepted by several vendors.

Impregnation of HTC extrudate with potassium carbonate is typically accomplished in the lab using
incipient wetness techniques followed by activation at 300-500°C.  During the current year, we
investigated the use of spray impregnation routes to load the HTC with potassium carbonate.  This
process improves the control of loading potassium carbonate on the HTC, helps minimizes the exotherm
that occurs during incipient wetness, and decreases the amount of water removed during drying, i.e.,
lowers the cost of promoting the adsorbent.  The loading of potassium carbonate can be optimized to
prepare highly active HTC adsorbents at concentrations greater than 3.0 M K2CO3.  When 4 M K2CO3 is
spray impregnated onto the HTC, the material has similar K2CO3 loading as the promoted HTC prepared
in the lab using excess quantities of 2 M K2CO3.  Hence, these two materials exhibit similar CO2 capacity
and desorption characteristics.  This allows for either spray impregnation or “dipping” techniques to be
considered when preparing potassium carbonate promoted HTC in a commercial environment.

A second class of adsorbents, the H-family (H2, H3, H11) has been described in previous reports
(Hufton, 1998).  This year the effect of synthesis conditions (pH, water content, agitation, mixing and
aging times) on the adsorption properties of the materials were investigated.  Optimization of the
synthesis procedure for material H3 yields higher yields of the adsorbents with ten times the CO2

capacity and more efficient desorption characteristics than the K2CO3/HTC adsorbents.  With this new
procedure, we have been able to produce several pounds of H11 adsorbent and form it via extrusion into
1/8” extrudates.  This adsorbent has higher thermal stability than previous H-materials, and efforts are
currently underway to evaluate its hydrothermal stability.  Steam stability has been the major technical
hurdle preventing utilization of these adsorbents in the SER process.

An additional experimental unit, the cyclic lifetime unit (CLU), has been built to help evaluate longer
term (> 1 month) stability of the adsorbent and catalyst under dynamic hydrothermal process conditions.
It will be capable of exposing four separate mixtures of catalyst and adsorbent to cycles of high pressure
process gas (CH4, steam; 150-300 psig) and atmospheric pressure purge gas (N2 , H2, steam) at
temperatures up to 550°C.  We will evaluate the performance and physical properties of the catalyst and
adsorbent both before and after exposure to these conditions. The unit will also be used to determine the
effect of common natural gas impurities (H2S, heavy hydrocarbons) on adsorbent/catalyst performance
and life.



Future Work

The next phase of effort will be directed towards the operation of the cyclic SER#2 unit so that more
refined H2-SER process designs can be developed.  The unit will be used to first demonstrate the steady-
state performance of the SER reactors, and then directly characterize the effects of various operating
parameters (e.g., reaction pressure, temperature, regeneration conditions, purge to feed gas ratio, type of
reactor heating system, etc.) on the steady-state process outputs (CH4 conversion, H2 purity,
productivity).

Concurrent process testing efforts will continue with the laboratory-scale unit (SER#1) to investigate the
effect of various process parameters (e.g., pressure) on the reactor performance, and to characterize the
performance of current and next-generation CO2 adsorbents (H-family) and catalysts (noble metals,
reforming catalysts).  Heat of adsorption data will be obtained for CO2 on the K2CO3/HTC adsorbent
with the recently built volumetric unit.  Long term adsorbent and catalyst stability tests will also be
carried out with the CLU and the K2CO3/HTC adsorbent.

The experimental data generated by the above efforts will be implemented into revised process designs
on a continuous basis, and the economics of H2 production by H2-SER will be assessed.  We will then
be able to make a GO/no GO decision on construction of a 0.1MM SCFD H2 demonstration unit (PDU)
in Q2FY00.  Design and construction of the PDU is planned for the latter part of FY00, with operation
and demonstration in FY01.  After the PDU decision, a commercialization strategy will be developed
with the APCI Hydrogen business group.

Materials research efforts will be focused on addressing scale up of production of K2CO3/HTC to
industrial levels (1000 lbs) for use in SER#2, PDU, and eventually commercial units. This will be
accomplished by working directly with commercial adsorbent vendors.  The development of an
improved second-generation adsorbent will also be pursued.
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Abstract

Air Products, in collaboration with the U.S. DOE and other partners, is developing ceramic
membrane technology for the generation of hydrogen and synthesis gas.  These membranes are
non-porous, multi-component metallic oxides that operate at high temperatures and have
exceptionally high oxygen flux and selectivities.  Such membranes are known as Ion Transport
Membranes, or ITMs.

Synthesis gas is an important intermediate product required for the production of liquid
transportation fuels from natural gas.  Preliminary cost estimates indicate that ceramic membrane
reactors could decrease the capital cost for syngas by more than one third.  This reduction would
have a very significant impact on the costs of liquid transportation fuels derived from natural gas.
Work still in progress also shows significant potential savings for hydrogen production, especially
for production capacities appropriate for hydrogen based fuel cell applications.

This paper defines ITMs and explains how they work.  The paper also identifies the major
program goals and summarizes our progress.  The overall program objectives and schedule are
also presented.



Introduction

Hydrogen is an important industrial gas with many existing and future applications.  Current
production technology is typically through the steam reforming of natural gas or, for lower
requirements, the purification of off-gas from, for example, refineries.  Purified hydrogen can be
liquefied and transported to the point of use and vaporized.  This is currently the most economic
source for hydrogen when the requirement is modest.  For larger supply requirements, for
example greater than 1 to 10 MMSCFD, on-site steam reforming is typically more cost effective.
Figure 1 illustrates typical hydrogen cost data versus flow rate requirements for these two
options.  Air Products and Chemicals in collaboration with the DOE and others is developing a
potential break-through technology that could have a significant impact on the cost of hydrogen,
especially in the range of 0.1 to 1 MMSCFD.  Target costs for this new technology are also
illustrated in Figure 1.  If successful, this technology could be important to emerging hydrogen
markets such as hydrogen-based fuel cells for transportation and lower cost liquid transportation
fuels.

* Source: "Hydrogen Infrastructure Report" by Directed Technologies Inc. for Ford and DOE, DE-AC02-94CE50389 (April 1997 draft)
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Figure 1 - ITM H2 is Targeting Distributed Hydrogen

The new technology utilizes non-porous ceramic membranes that can be made from a variety of
materials, for example perovskites, brownmillerites, and fluorites.  These materials are multi-
component metallic oxides that at high temperatures (greater than approximately 700 °C)
conduct both electrons and oxygen ions.  These types of membranes are known as ITMs (Ion
Transport Membranes), and are of special interest because the oxygen ions permeate at a very
high flux rate and with infinite selectivity.  The oxygen can be separated from air fed to one side



of the membrane at ambient or moderate pressure, and reacted on the other surface with natural
gas at a higher total pressure to form a mixture of  H2 and CO.  Because of the high flux, the
reactor is very compact and should be low cost.

A schematic of the membrane is illustrated in Figure 2.  The membrane structure is complex
incorporating both the non-porous ITM and reduction and reforming catalyst layers.

CH4 + H  O2
        CO + 3H2
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Oxygen-Depleted
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Membrane

orming Catalyst

Reducing
atmosphere atmosphere
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CH4 + 1/2 O2         CO + 2H2

Steam

Oxygen Reduction Catalyst

Figure 2 - ITM Syngas and Hydrogen Technology

Oxygen from a hot air stream is reduced to oxygen ions which flow through the membrane
where, in combination with a reforming catalyst, they partially oxidize a combination of hot
natural gas and steam, thereby forming syngas, a combination of carbon monoxide and
hydrogen.  The ratio of hydrogen to carbon monoxide is in part dependent upon the amount of
steam. The membrane material must show long-term stability in reducing and oxidizing
atmospheres, and long-term compatibility with the reduction and reforming catalysts.  Intimate
contact of the reforming catalyst with the ceramic membrane is critical to accomplish depletion of
the oxygen transported through the membrane by reaction at the ceramic membrane/catalyst
interface.  This is a necessary requirement to control the partial oxidation reaction exotherm and
provide a stable thermal operating mode for the membrane reactor.

The overall process is known as ITM Syngas, or ITM H2 depending on the product mix, and it
can be used to generate syngas over a wide range of H2 to CO ratio.  The technology has many
possible applications, but two important ones are the production of hydrogen and also the
production of syngas required for Gas-to-Liquid (GTL) transportation fuels.  Figure 3 illustrates
the conceptual block diagrams.



ITM
Syngas

Liquid-Phase
Conversion

Natural Gas
Air

Steam

H2/CO
Fuel Products

O2 depleted air

ITM
H2

Hydrogen
Separation

Natural Gas
Air

Steam

H2/CO
Hydrogen
99.999%

O2 depleted air

Figure 3 - Conceptual Block Diagram for ITM Syngas & Hydrogen

Air Products Partnership with the U.S. DOE

The U.S. DOE has selected Air Products’ team and their technology for an $86 million, three
phase, eight year program to develop ITM Syngas for these applications.  The development
partners are; Air Products, ARCO, Ceramatec, Chevron, Eltron, McDermott, Norsk Hydro,
PNNL, Pennsylvania State University, the University of Alaska, the University of Pennsylvania
and the U.S. DOE.

Major Technical Goals

The major technical goals for the program include;

• Membrane Material Selection
Material selection is an iterative process requiring consideration of many factors.  The
material must have an acceptable oxygen flux, stability, strength and fabricability.  It is
essential that the development and selection of the ITM material is thoroughly integrated with
the process design and engineering, ceramic fabrication, and membrane reactor design tasks
to optimize the necessary combination of performance and fabrication properties.

• Reactor Design
The membrane system must be able to tolerate the pressure differentials, reasonable ramp up
and ramp down rates and emergency shutdown transients.  The reactor design must address
seals, differential expansion, and safety.

 
• Ceramic Processing Development

Ceramic membranes require complex multi-step ceramic processing.  Feedstock purity,
powder preparation, control of potential contamination during processing, part forming, firing



and assembly are among the many considerations in the ceramic fabrication process.
Development of technology from a conventional ceramic processing base is necessary to
ensure economic membrane fabrication.
 

• Process Verification and Scale-up
The fundamental performance of the membrane system must be evaluated under many
realistic operating conditions so that a full understanding of performance and stability can be
obtained.  In addition, tests are needed at a variety of scale sizes so that models developed for
flux, conversion and stability can be understood with confidence.

 
• Manufacturing Scale-up

The hydrogen-fuel economy and the potential GTL market requires significant ramp-up of
ceramic manufacturing operations. The fabrication of commercial quantities of ceramic
components at economic yields is a critical issue that will be addressed.

• Risk Management
Substantial investment is required to properly demonstrate process and manufacturing
performance at reasonable scales. We have chosen to understand scale-up in a planned,
phased development program.

The first phase of the program is anticipated to take 2.5 years and concentrates on ceramic
membrane development, seal development and process development.  Phase 2 is anticipated to
take 3.5 years and includes a large Process Development Unit (PDU), at 12 MSCFD, and a
Subscale Engineering Prototype (SEP) at 500 MSCFD.  Phase 3 will take two years and includes
a Pre-commercial Demonstration Plant at 15 MMSCFD.

The overall development schedule is given in Figure 4.
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Figure 4 - ITM Syngas Goals and Development Schedule



Results

The program is high risk and contains many technical hurdles.  Our progress to date has been
very good.  Air Products, Ceramatec and Eltron have developed and selected a number of ITM
materials that show good flux and stability characteristics for both hydrogen and syngas
applications.  We have built the necessary experimental reactors for high temperature testing at
ambient pressure and also high pressure.  Test samples and seals fabricated by Ceramatec have
shown to be leak tight for more than 300 hours of operation at 250 psig and 900 °C.

Air Products, Chevron, McDermott and Norsk Hydro have also completed preliminary process
designs and economics including comparisons against ATR/ASU conventional technologies that
show a greater than one third reduction in capital costs for syngas generation at compositions
consistent with GTL production from natural gas.  The hydrogen process design and economic
assessment is in progress, and the preliminary results are very encouraging.  Membrane reactor
design studies by McDermott with input from Air Products and Ceramatec have yielded “first

Additional work planned for Phase 1 includes the selection of  preferred materials and catalysts,
further testing of membrane seal assemblies, selection of preliminary reactor configurations and
further development of ITM membrane fabrication processes.  Phase 1 should also include design
work for the 12 MSCFD PDU.

Conclusions

This is an aggressive program with substantial technical hurdles.  Our team, however, has
extensive experiences in ITM membrane development and fabrication, and has a broad base of
additional skills and commercial incentives.  Technical success is likely to lead to, among other
advantages, a step-change in the costs of distributed hydrogen and syngas required to produce
low cost liquid transportation fuels from natural gas.  Both of these goals, lower cost distributed
hydrogen and lower cost liquid transportation fuels from natural gas are important to the United
States economy and environmental quality.  This collaboration between industry, academia, and
the government is critical for the aggressive development of ITM membranes for these important
applications.
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Abstract

At Argonne National Laboratory we are developing a process to convert hydrocarbon
fuels to a clean hydrogen feed for a fuel cell.  The process incorporates a partial
oxidation/steam reforming catalyst that can process hydrocarbon feeds at lower
temperatures than existing commercial catalysts.  We have tested the catalyst with three
diesel-type fuels: hexadecane, low-sulfur diesel fuel, and a regular diesel fuel. We
achieved complete conversion of the feed to products.  Hexadecane yielded products
containing 60% hydrogen on a dry, nitrogen-free basis at 800°C. For the two diesel fuels,
higher temperatures, >850°C, were required to approach similar levels of hydrogen in the
product stream.  At 800°C, hydrogen yield of the low sulfur diesel was 32%, while that of
the regular diesel was 52%.  Residual products in both cases included CO, CO2, ethane,
ethylene, and methane.

Introduction

The Department of Energy’s Hydrogen Program is involved with the development of
remote power generation in the Arctic circle.  The traditional means of power generation
there has been through internal combustion engines.  The fuel available at these remote
locations is diesel. Recent developments of fuel cell power systems, which are more
efficient and produce cleaner emissions, suggest that these systems, if adapted to operate
with diesel fuels, can be used in the Arctic zone.  Since fuel cells operate on hydrogen,



the use of fuel cells with diesel requires that it is possible to efficiently convert the diesel
fuels into a hydrogen-rich gas.

The chemical process industry produces hydrogen in large amounts by the steam
reforming process – where the hydrocarbon fuel is reacted with steam via an endothermic
(heat absorbing) reaction. However, this process is better suited to large chemical plants,
which have excess heat available from other processes.  Furthermore, several problems
with existing diesel-fuel reformer technology must be overcome.  Catalysts tend to
degrade over time.  The high sulfur content of diesel poisons existing catalysts.  Thermal
cycling, particularly on start-up and shutdown, may lead to thermal shock.  Extensive
coke formation deactivates catalysts. High temperatures improve conversion, resulting in
better system efficiency, but reduce material stability.

An alternative process is partial oxidation where the hydrocarbon fuel is reacted with air
and steam to produce hydrogen.  The heat effects of this reaction can be controlled
directly by adjusting the feed proportions of fuel, air, and steam.  Consequently, external
heat sources are not required, and designs for partial oxidation reformers are simple,
smaller, and lighter. The practice of partial oxidation reforming in the petrochemical
industry is typically done in a two-step process – a high-temperature (1200°C) step where
the complex hydrocarbons are broken down into simpler molecules (methane and oxides
of carbon), followed by (catalytic) steam reforming of methane.

At Argonne National Laboratory, we are developing a process to convert hydrocarbon
fuels to a clean hydrogen feed for a fuel cell.  The process incorporates a partial
oxidation/steam reforming catalyst that can process hydrocarbon feeds at lower
temperatures than existing commercial catalysts.  We have developed a partial
oxidation/steam reforming catalyst that converts gasoline to hydrogen, carbon monoxide,
and carbon dioxide at a lower temperature than existing commercial catalysts.  We have
demonstrated complete conversion of these feeds, producing enough hydrogen to
potentially power a 5 kW fuel cell stack /1/.

The effluent from the fuel processor will require further treatment to remove carbon
monoxide and sulfur and produce a suitable fuel cell feed.  We are also developing more
robust water-gas shift catalysts that will work better under transient operating conditions
than current catalysts /2/.  In addition, we are testing catalysts for preferential oxidation
of CO and CO sorbents to treat the product stream.

In this paper we report results of tests with three diesel fuels: pure hexadecane, a low-
sulfur diesel fuel, and a regular diesel fuel.  All three of the feeds were processed over a
single catalyst composition at a variety of temperatures.  We were able to achieve
complete conversion of the feeds to lower hydrocarbons and hydrogen.  The products for
all three feeds contained between 30 and 60% hydrogen on a dry, nitrogen-free basis at
800°C.



Experimental

Hexadecane was obtained from Aldrich Chemical Co.  Certified low-sulfur diesel fuel,
grade no. 1-D, was obtained from Phillips Petroleum Co.  Regular diesel fuel, grade no.
2-D, was obtained from a local service station (nomenclature according to /3/). The fuels
were not treated further.  Properties of the fuels are given in Table 1.  The partial
oxidation catalyst was prepared in-house.  The catalyst was placed in a 0.41 cm ID
tubular reactor within a tube furnace.  The bed height was approximately 2.5 cm.  The
temperatures at the top and bottom of the bed were monitored with thermocouples.

Table 1: Properties of Diesel Fuels Tested

Composition
(wt.%)

Low Sulfur Diesel
Grade No.1-D

Diesel Grade
No.2-D

C 85.52 86.86
H 14.23 12.93
S 0.029 0.046
N 1 ppm-wt 227 ppm-wt

Distillation in °C*
T10 194.3 217.9
T50 227.4 265.0
T90 260.4 325.7

Specific Gravity at
16°C

0.8141 0.8663

* T10, T50, T90 are the temperatures at which 10, 50, and 90% of the fuel is evaporated.

The fuel and water were fed into the top of the reactor, where they vaporized and mixed
with the incoming oxygen and nitrogen, which acts as an internal standard.  The liquid
feed rates were controlled with high pressure liquid chromatography pumps; the gas flow
rates were maintained with mass flow controllers.  The reactant stream then passed over
the catalyst, and the products were analyzed with a gas chromatograph.  Pure oxygen was
used in the reactant stream to improve the detectability of hydrocarbons that may be
present in the product.  The gas chromatograph could not be used to quantify water and
heavy hydrocarbons.  Therefore, we used the hydrogen-to-carbon (H/C) ratio to obtain an
atom balance and approximate a mass balance.

Results and Discussion

Thermodynamic calculations were carried out to determine the feasibility and initial
operating conditions for a diesel fuel reformer.  Hexadecane (C16H34) was used as a
surrogate for diesel fuel in the equilibrium calculations and in the initial feasibility
studies to determine the viability of the process.  Figure 1 shows the results of
thermodynamic equilibrium calculations.  It plots the equilibrium product gas



distributions obtained as a function of temperature, from the partial oxidation reforming
of hexadecane.  The O2-to-fuel ratio is 8, and the water-to-fuel ratio is 16. The hydrogen
percentage is maximized at 700°C.
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Figure 2: Effect of Temperature on Products from Hexadecane
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Figure 2 shows the measured effect of temperature on the product distribution from the
partial oxidation reforming of hexadecane. The feed consisted of 0.04 mL/min of liquid
hexadecane, 0.04 mL/min of liquid water, and 24.5 mL/min of oxygen.  The feed
corresponds to an O2-to-fuel molar volume ratio of 8, and a water-to-fuel molar ratio of
16.2.  The gas hourly space velocity was 3700/h. The results are similar to the
equilibrium product distribution in Figure 1.  As can be seen in Figure 2, the hydrogen
and carbon monoxide levels increase as the temperature is raised, while the carbon
dioxide and methane levels decrease.  Above 725°C, the hydrogen percentage in the
product begins to level off at 60%.  Raising the reactor temperature leads to a greater
conversion of methane.  The CO/CO2 ratio increases with temperature due to the reverse
water-gas shift reaction (H2 + CO2 = CO + H2O), which is favored at high temperatures.
At 800°C, undesirable byproducts such as ethane and ethylene are present in trace
quantities.  Although methane remains a significant product, the slope of the methane
curve in Figure 2 indicates that it is not reduced significantly at higher temperatures.

The effect of temperature on the product distribution from the partial oxidation reforming
is shown in Figure 3 for grade 1 diesel and in Figure 4 for grade 2. The O2-to-fuel molar
volume ratio was 8, and a water-to-fuel molar ratio was 24 for both tests.  The higher
water-to-fuel ratio was used to reduce coke formation with the diesel fuel, which has a
lower H/C ratio than hexadecane.
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As was the case for hexadecane, the hydrogen and carbon monoxide levels increase as
the temperature is raised, while the carbon dioxide and methane levels decrease.
However, conversion to hydrogen is significantly lower at similar reaction temperatures.
An average product composition of 52% hydrogen is achieved at 860°C for grade 2
diesel.  As with hexadecane, the CO/CO2 ratio and methane conversion increase with
temperature.

Figure 5 shows the product gas distributions for hexadecane and diesel grade no. 2, along
with the distribution predicted from equilibrium calculations for hexadecane.  The O2-to
fuel ratio was 8 for all settings, while the water-to-fuel amount was 24 for the diesel
conversion, 16.2 for the measured hexadecane conversion, and 16 for the calculated
hexadecane conversion.

The measured product composition for the partial oxidation reforming of hexadecane
contains slightly more H2 and CO2, but less CO than that predicted by equilibrium.  This
suggests that the selectivity of the catalyst favors the formation of hydrogen.  The
experimental product contained some methane, although equilibrium calculations
indicate that none should be present.  It is not known whether the methane is formed from
secondary reactions among H2, CO, and CO2, or if methane is an intermediate product
formed from the scission of hexadecane molecules.

The diesel fuel reformate contains less hydrogen than the hexadecane reformate, which is
due in part to the lower H/C ratio of the grade 2 diesel (H/C = ) vs. 2.1 for hexadecane.  n
addition, diesel reforming requires a slightly higher reforming temperature. Based on



these preliminary data., it appears that the Argonne catalyst can reform the complex
hydrocarbons present in diesel at the relatively low temperatures of 850°C.  This is
significant because non-catalyzed partial oxidation reforming requires temperatures in
excess of 1200°C to achieve similar conversions.
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Comparing the results for the two grades of diesel fuel, we find that the hydrogen
concentration in the product was actually higher for the grade 2 than for grade 1 diesel.
This result is unexpected because grade 2 diesel has a higher fraction of aromatics than
grade 1, as shown in Table 2.  Aromatics tend to reduce the H/C ratio of the feed, and,
consequently should result in a lower hydrogen yield.  As expected, the diesel fuels also
yield a larger fraction of hydrocarbon products, primarily methane.

Conclusions

The results demonstrate that the partial oxidation/steam reforming catalyst developed by
Argonne can be used to produce hydrogen from diesel fuel.  We were able to produce a
product stream containing 60% hydrogen on a dry basis from hexadecane at 725°C.  With
actual diesel fuel, we produced a dry product containing 50% hydrogen at 850°C.  We
did see differences in product composition for the two grades of diesel



Table 2: Composition of Two Diesel Fuels (wt.%)

Compound Low-Sulfur Diesel Grade
No.1-D

Diesel Grade No.2-D

Paraffins 40 40
Cycloparaffins 30 10
Unsaturated Aliphatics 10 10
Aromatics 20 40
Sulfur 0.029 0.046

fuel that were tested. These differences likely arise from the differences in the
composition of the fuels.

All tests with diesel have been short-term tests run in micro-reactors with catalysts
originally designed to process gasoline.  Production of hydrogen from diesel fuel
comparable to that achieved with hexadecane may be achievable with modifications to
the catalyst composition and structure.  In addition, the catalyst materials must be
resistant to degradation and deactivation because diesel fuel contains higher sulfur levels
than gasoline and requires higher temperatures for reforming.  In the tests run to date, we
see no evidence of catalyst degradation or coking.  However, the long-term thermal
stability and sulfur tolerance of the catalysts must be determined.  In order to demonstrate
the effectiveness of the catalyst and overall fuel process, we plan to test the reformer in
conjunction with post-processing components that will clean up the reformate to be
suitable for use by a polymer electrolyte fuel cell. We also plan to demonstrate the
reforming step at a larger scale.
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SEPARATION MEMBRANE DEVELOPMENT

Myung W. Lee
Savannah River Technology Center

Savannah River Site
Aiken, SC 29808

Abstract

A ceramic membrane has been developed to separate hydrogen from other gases. The method
used is a sol-gel process. A thin layer of dense ceramic material is coated on a coarse ceramic
filter substrate. The pore size distribution in the thin layer is controlled by a densification of the
coating materials by heat treatment. The membrane has been tested by permeation measurement
of the hydrogen and other gases. Selectivity, 10,000 to 50,000, of the membrane has been
achieved to separate hydrogen from carbon monoxide. The permeability constant of hydrogen
through the ceramic membrane was about 46,000 Barrer at the room temperature, which is about
the same as Pd-Ag membrane at 400c.

Background

Billions of standard cubic feet of hydrogen are consumed every day by the refinery industry
alone. Demand for hydrogen is continue growing in recent years. In the hydrogen recovery and
production, separation of hydrogen from other gases is important part of process. PSA is main
separation method but energy intense operation. Metal alloys or composite metal membrane have
been used for hydrogen purification. But metal is sensitive to poisonous gases. Ceramic
membrane, inert to poisonous gas, is desirable.

The sol-gel encapsulated metal hydrides, developed at Savannah River Technology Center have
solved the problem of decrepitaiton of metal hydride particle. The pore size of the sol-gel coating
can be tailored to discriminate between H2 (2.89A) and CO (3.76A) on the basis of molecular size
in much the same manner that silica membranes have been shown to have the ability to separate
hydrogen and nitrogen.

Overall Approach

Overall objective is to develop and demonstrate a thin dense glass coating on a coarse ceramic
substrate which allow hydrogen to easily permeate through but no other gases. The glass coating
on coarse substrate is by the sol-gel process. Coarse substrate can be metal frit or ceramic filter
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materials. The pore size of the thin dense layer is controlled by the conditions of sol-gel coating
process and the heat treatments.  Heat treatment including microwave makes the coating dense.

Parallel approach has been taken.
(1) Composite metal hydride, sol-gel coating on metal hydride to form a packing material
for hydrogen separation from other gases by absorption of hydrogen only; (2) Ceramic
membrane filter, sol-gel coating on coarse substrates to form a filter membrane that only
hydrogen can pass through but no other gases.

Composite metal hydride has been produced. Tests show that the selectivity of hydrogen to
carbon monoxide is in the rage of 10,000 to 50,000. It can be used for absorption based hydrogen
separation process.

Current focus is on the development of ceramic membrane filter.

Filter Fabrications

A. Sol-Gel Formulations

The sol-gel technique has been well published in the literature (1-10). The technique starts with
the hydrolysis of an organo-metallic compound. The hydrolyzed compound is polymerized via
water and alcohol condensations and dried by removing water and the solvent. An acid or base is
used to catalyze the polymerization reaction. The heat treatment following the drying step is used
to further modify the final product. The reactions involved are generally as follows:

Organo-metallic Compound solution in alcohol, M-(OR)4 in ROH, and  water-alcohol solution
are mixed to make several reactions:

Hydrolysis reaction: (OR)3-M-OR  +  HOH  =  (OR)3-M-OH  +  ROH

Water Condensation: (OR)3-M-OH  +  (OR)3-M-OH  =  (OR)3-M-O-M-(OR)3  +  H2O

Alcohol Condensation:(OR)3-M-OH  +  (OR)3-M-OR  =  (OR)3-M-O-M-(OR)3  +  ROH

where M is metal such as Si, Al, or Ti and R for an alkyl group (-CxH2x+1) in most case -C2H5
or -CH3.

The first solution is formed by mixing one part ethanol into 2 part tetraethyl orthosilicate (TEOS).
The second solution is formed by mixing 2~5 part of ethanol to one part of water. Acidity of
second solution is adjusted by adding HCl until the PH is in the range of 1 to 2.5. The second
solution is added to the first solution while stirring continuously to form sol. The sol is then
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covered and allowed to age for 2~24 hours which allows the sol, initially a water-like consistency
to become viscous. This viscous sol is used to make thin coating.

B. Sol-gel filter Formation

The viscous sol is drip coated on a course substrate (silica or alumina). Next step is the drying to
evaporate water and alcohol formed by a polymerization. The filter then allowed to gel
completely for few days. The drying can be done either by evaporation at room temperature or in
a ventilated oven at elevated temperature. In general, elevated temperature gives broader pore
distribution.

C. Heat Treatment

Heat treatments make densification of the sol-gel coating. The dried sample can be heat treated
under vacuum to vary the pore size. While the sample in under the vacuum, its temperature is
raised to a target value and maintained for 2 hours. The target temperature used are from 200 to
600C. Further treatments are done by a microwave oven.

Experimental Results

A. Pore Distribution

Pore size distributions are measured on sol-gel coating materials by BET gas adsorption. This
method can not be able to measure the pore size smaller than 15 A. True selectivity depends on
the size of narrow channels between the pore to pore, not on the pore size itself. However, the
distribution of pore size may indicate the quality of the coating. Typical pore size distributions are
summarized in Table 1. Coating with a narrow pore size distribution has good selectivity over
10,000, but the coating with broader distribution show poor selectivity less than 5.

      Table 1. Pore Size Distribution (in nm)

High Selectivity Coating Low Selectivity Coating
Peak location Half width Peak location Half width

2.5       1.2 1.3       4.5
1.3       1.2 2.3      30.
1.7       0.5 3.2      30.
1.9       1.0 8.0      60.
2.2 0.8
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B. Performance Testing

The permeation rates of hydrogen through filter are measured to test the performance of the
sample. The pressurized hydrogen gas is allowed to flow through the filter to a constant lower
pressure. The flow rates are determined.  The results are compared with the flow rate of typical
Pd-Ag membrane in Figure 1. At the low pressure, samples tested have about same permeability
constant with Pd-Ag membrane.

                    Figure 1 -  Permeability

Conclusion

Ceramic membrane filter can be produced by a sol-gel process. Tests show promising results.
Improvement on defect free, large filter is in progress.
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HIGH  EFFICIENCY  STEAM  ELECTROLYZER
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 Abstract

A novel steam electrolyzer has been developed.  In conventional electrolyzers, oxygen produced
from electrolysis is usually released in the air stream.  In our novel design, natural gas is used to
replace air in order to reduce the chemical potential difference across the electrolyzer, thus
minimizing the electrical consumption.  The oxygen from the electrolysis is used to partially
oxidized natural gas to CO and hydrogen.  CO can be subsequently shifted to yield extra
hydrogen.  Preliminary testing on thin film electrolyzer shown a voltage reduction as much as 1V
for an equivalent electrolytic current as in conventional systems.  The system efficiency with
respect to primary energy can be higher than 60% while that of conventional electrolyzers is
lower than 40%.

Introduction

Currently, most of the total hydrogen demand is met by hydrogen production from fossil fuels,
i.e., by steam reforming of natural gas and by coal gasification.  However, most of these central
plants are located in remote areas.  The produced hydrogen must then be delivered to the users
either by trucks or by using hydrogen pipelines. Because of the inherently low energy density of
hydrogen, hydrogen transportation is not a viable option. Due to the high cost of the hydrogen
pipelines (about $1 million/mile), hydrogen delivery using pipelines is not cost effective either.
Thus, the ideal hydrogen production for the future hydrogen economy is likely to be a distributed
system where hydrogen is produced close to where it is used.  Such a distributed hydrogen
production using distributed small steam reforming reactors is not possible due to the very high
cost of the reactors at small scales.



Hydrogen can be produced from water or steam electrolysis using much simpler technology.
Due to the modularity of the electrolyzer, electrolysis can be done at a central plant as well as at
a refueling station or at home.  In addition, electrolysis using renewable electricity offers the
possibility to produce hydrogen without any green house gas emissions.  However, water
electrolysis has not had significant commercial impact because it has not been possible to make
it cost effective.

The main drawback of the electrolyzers is the high electricity consumption.  Electricity is known
to be by far the most expensive form of energy.  As a result, electrolytic hydrogen is more
expensive than the steam-reformed hydrogen by a factor of at least two to three (Donitz 1990).
Moreover, electricity is not a primary energy but must be produced using fossil fuels, nuclear
fuels or renewable energy.  Considering the fact that the production of electricity has an average
efficiency of less than 40% with respect to primary energy, the overall efficiency of the
electrolyzer in general is low.  In addition, currently, less than 20% of the overall electricity
production in the United States involves renewable energy.  As a consequence, electrolysis using
electricity coming from the grid is not a carbon free process, but actually involves a large amount
of green house gases due to the use of electricity that is mostly produced from burning coal and
natural gas.

The long-term objective of this project is to develop a high efficiency steam electrolyzer for
carbon free production of hydrogen.  This approach will be viable only when renewable energy
becomes the major source for electricity production.  The short-term goal is to develop a
transitional electrolyzer technology that takes into account the current situation of electricity
production and the current economic infrastructure.  The goal for the transitional electrolyzer
technology is a distributed hydrogen production system with lower electricity consumption,
higher overall efficiency and lower green house gas emissions.

 Background

From the thermodynamic viewpoint of the water decomposition, it is more advantageous to
electrolyze water at high temperature (800-1000°C) because the energy is supplied in mixed
form of electricity and heat (Donitz 1980).  In addition, the high temperature accelerates the
reaction kinetics, reducing the energy loss due to electrode polarization and increasing the
overall system efficiency.  Typical high temperature electrolyzer such as the German HOT
ELLY system achieves 92% in electrical efficiency while low temperature electrolyzers can
reach at most 85% efficiency only (Donitz 1990).  Despite this high efficiency with respect to
electricity, the German system still produces hydrogen at about twice the cost of the steam-
reformed hydrogen (Donitz 1990).  According to the German analysis of the HOT ELLY system,
about 80% of the total hydrogen production cost comes from the electricity cost (Donitz 1990).
Therefore, to make the electrolytic hydrogen competitive versus the steam-reformed hydrogen,
the electricity consumption of the electrolyzer must be reduced to at least 50% of its current
value.  Currently, there is no solution because the high electricity consumption is dictated by the
thermodynamic of the decomposition of water.



In conventional electrolyzers, the gas supplied to the cathode side (where water is decomposed)
is usually a mixture of steam and hydrogen, while the gas supplied to the anode side is usually
air.  At zero current, the system has an open circuit voltage of 0.8 to 0.9 V, depending on the
hydrogen/steam ratio and on operating temperatures.  In order to electrolyze water, a voltage that
opposes and is higher than the open circuit voltage must be applied in order to pump oxygen
from the steam side to the air side.  Clearly, much of the electricity used, 60 to 70% of the total
electrical power, is wasted forcing the electrolyzer to operate against the high chemical potential
gradient for oxygen.  In addition, the liberation of oxygen coming from the decomposition of
water into the air stream at the anode side is clearly a waste.

Approach

In order to lower the open circuit voltage, and thus the electricity consumption, our approach is
to replace air in the anode side by natural gas.  The reducing character of natural gas will help to
bring down the chemical potential difference between the two sides of the electrolyzer.  One can
distinguish two different modes of operation: total oxidation or partial oxidation of natural gas.
In the first case, natural gas is used in the anode side of the electrolyzer to burn out the oxygen
coming from the electrolysis, thus reducing or eliminating the potential difference across the
electrolyzer membrane.  The products of the reaction will be CO2 and water.  The role of natural
gas is just to lower the chemical potential gradient, thus the electricity consumption.  This mode
replaces one unit of electrical energy by one equivalent energy unit of natural gas at one fourth
the cost.  Due to the thermodynamic, the total oxidation mode is restricted to temperatures lower
than 700 to 800°C.  Above 800°C, carbon monoxide becomes more stable and total oxidation is
not possible.

In the second operation mode, an appropriate catalyst on the anode side will promote the partial
oxidation of natural gas to carbon monoxide and hydrogen.  The resulting gas mixture, also
called syn-gas can be used in important industrial processes such as the synthesis of methanol,
liquid fuels...  Most important of all, CO can also be shifted to CO2 to give additional hydrogen.
In this process, hydrogen is produced at both sides of the steam electrolyzer.  The overall
reaction is equivalent to the steam reforming of natural gas.  However, as opposed to the steam
reforming reactors, the modular characteristics of the electrolyzer, together with the absence of
the extensive heat exchangers, make possible the small-scale hydrogen production units.

In both cases, the key point of the approach is to use natural gas directly on the electrolyzer
instead of using natural gas to make electricity at the central plant, then to use that electricity to
split water. The efficiency and the carbon emissions will be lower than in conventional
electrolysis.  The Natural-Gas-Assisted Steam Electrolyzer or NGASE is not a carbon free
hydrogen production system because it still involves natural gas.  However, by combining both
natural gas and electricity, which have existing infrastructures, the NGASE is an ideal
transitional technology for distributed hydrogen production.



 Experimental

Since the electrolyzer is essentially a fuel cell operating in reverse mode, most of the materials
and the fabrication technologies that have been developed for fuel cell can be used for the
electrolyzer.  One of the key technologies for fuel cell manufacturing is the thin film processing
technique.  Thin film is critical to the electrolyzer performance because it lowers the resistive
loss in the electrolyte material.  Although a number of techniques are available, most of them are
not appropriate for fuel cell and electrolyzer applications.  For instance, physical vapor
deposition techniques can yield good dense films but are too expensive.  Although much
cheaper, tape casting and tape calendering techniques cannot be used to deposit thin films on
tubular substrates.  Recently, we have developed a proprietary low cost thin film deposition
technique that can be used for both planar and tubular substrates (Pham 1999).  The technique is
an improved version of the well known colloidal deposition.  This technique is used to deposit
thin film electrolytes for the present electrolyzer.

A mixture of NiO/yttria-stabilized-zirconia (YSZ) powder was prepared.  The powder was
pressed into pellets and partially sintered at 1000°C.  The thin film YSZ electrolyte was
subsequently deposited on the NiO/YSZ disks using our novel thin film deposition technique.
The substrate and the film were co-sintered at 1400°C for 2 hours.  Two different types of cells
were prepared: for conventional electrolyzer cell, platinum paste was painted on top of the thin
film electrolyte and annealed at 900°C.  For NGASE cell, another thin film of NiO/YSZ layer
was subsequently deposited on the sintered YSZ film.  The complete cell was annealed at
1200°C for 2 hours.  The cell was then sealed to an alumina tube using a gold O ring.  The tube
with the sample was put in a quartz tube and the whole system was put in a tube furnace.  The
cell was brought to 900°C.  Then hydrogen was flown on both sides of the cell in order to reduce
nickel oxide to nickel metal. The thin film Ni/YSZ side was then exposed to a hydrogen,
nitrogen and steam mixture while the substrate side was exposed to methane with 3% steam.
Steam was introduced to the system by passing hydrogen in a heated gas bubler filled with water.
The steam concentration was varied by controlling the bubler temperature.  The current-voltage
characteristics of the cell was determined using a Solartron potentiostat model 1287.  The outlet
gas from both sides was analyzed using a Shimadzu gas chromatograph.

 Results and Discussion

Thin Film Electrolyzer Cell

Fig. 1 shows a scanning electron microscopy picture of the thin film electrolyzer cell.  The
Ni/YSZ substrate, which also served as the anode, is clearly porous, with pore size typically less
than a few microns.  The porosity is necessary for the gas to access the reaction zone located at
the interface between the electrolyte and the electrode.  The thin film electrolyte is fully dense
and has no crack.  The electrolyte film thickness was 20 µm.  The cathode, also made of Ni/YSZ,
was 18 µm thick.  As opposed to conventional electrolyzers and fuel cells, the NGASE has a
symmetrical electrode configuration.  This alleviates significantly the problems associated with
materials incompatibility and thermal expansion mismatch.



Figure 1: Scanning electron microscopy picture of a cross-section of the NGASE thin film cell.

Performance Characteristics of NGASE

Fig. 2 shows the current-voltage curves of the conventional electrolyzer and NGASE cells.  For
comparison purpose, the curve corresponding to the German HOT ELLY electrolyzer was
reproduced (Donitz 1990).  The open-circuit voltage of the HOT ELLY electrolyzer is 0.8V at
1000°C. A similar open-circuit voltage was observed for our conventional cell.  However, for a
same current, and despite a lower operating temperature, 900°C, our conventional cell exhibits a
slightly smaller voltage than that of the HOT ELLY, indicating a lower electrical consumption.
This is due to the reduction of the resistive lost in the electrolyte, due to the use of thin films.

When air is replaced with methane as in the NGASE cell, the open-circuit voltage (emf) drops
from + 0.8 V to – 0.24 V.  The presence of methane clearly induces a large voltage reduction.
The open-circuit voltage becomes even negative, indicating that the methane side becomes more
reducing than the steam/hydrogen side.  If dry methane is used, no stable emf was observed.  The
presence of a small amount of steam (3% in this case) was thus critical to maintain the reducing
atmosphere in the methane side.  Indeed, in wet gas, and in the presence of the Ni/YSZ catalyst,
a small fraction of methane undergoes the steam reforming reaction to yield H2 and CO.  In dry
gas, the steam reforming reaction is impossible; methane behaves like an inert gas.

When a current flows through the NGASE cell, in the negative voltage region, the cell is actually
a fuel cell that generates both electricity and hydrogen.  When the voltage becomes positive, the
cell operates in the electrolysis mode, meaning that electricity must be supplied to the system to
generate chemicals.  In all regions, the NGASE voltage is lower by 1 V or more compared to the
conventional cell that is operated in similar conditions.  The use of natural gas to reduce the
electrical consumption in the electrolyzer is clearly demonstrated.

Porous Ni/YSZ
cathode

Dense YSZ film

Porous Ni/YSZ

anode



Figure 2: Current-voltage plots of conventional electrolyzer and NGASE.  The cathode inlet gas
was H2 (3%) + H2O (70%) + N2 (balance).  The anode inlet gas was CH4 (97%) + H2O (3%).

Gas chromatography analysis showed an electrical current efficiency for hydrogen generation in
the steam side approaching 99%.  This is a well-known characteristics of solid oxide
electrolyzers.  Attempts to analyze the gas composition on the methane side has not been
successful because the test cell was too small and thus the amount of methane converted in the
reaction was too small compared to the methane gas inlet.  Experiments using larger cells are in
progress.

In actual electrolyzer stack, the fuel composition as well as the steam composition are not
constant due to fuel and steam consumptions respectively.  The fuel and/or steam depletion can
significantly reduced the electrolyzer performance, i.e. gas depletion will increase the electrical
energy demand while less hydrogen will be produced.  Fig. 3 shows two plots corresponding to
two different fuel compositions in the methane side of the electrolyzer.  The gas composition in
the cathode side was kept constant.  Clearly, decreasing the methane concentration reduces the
open-circuit voltage (in absolute value).  Most important of all, for lower methane concentration,
a higher voltage is necessary to yield a same electrolytic current.  The plot even shows a
saturation at about 300 mA, meaning that beyond 300 mA, forcing a higher current through the
electrolyzer requires a large increase in the applied voltage.  The actual electrolyzer stack must
avoid operating in this region.

Fig. 4 shows the I-V plots corresponding to different steam compositions.  The fuel composition
in the anode side was kept constant.  Just as for the fuel composition effect, decreasing the steam
concentration in the cathode side decreases the open-circuit voltage (in absolute value) and
increases the voltage required for a constant electrolytic current.

-0.5

0

0.5

1

1.5

2

0 200 400 600 800 1000

HOT ELLY, 1000°C
LLNL TF electrolyzer, 900°C
LLNL, NGAS electrolyzer, 900°C

V
o

lt
a

g
e

 (
V

)

Current (mA/cm2)



Figure 3: Current-voltage plots of NGASE cell for different fuel compositions.  The cathode inlet
gas was H2 (3%) + H2O (70%) + N2 (balance).

Figure 4: Current-voltage plots of NGASE cell for different steam compositions. The anode inlet
gas was CH4 (5%) + H2O (3%) + N2 ( balance).
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Development of a New Water Splitting Catalyst

Ni/YSZ is currently used as water splitting catalyst as well as partial oxidation catalyst of natural
gas.  In order to increase the electrolyzer performance, we are developing new catalyst materials
for both cathode and anode sides.  One of the materials evaluated has shown promising
performance (patent application in progress).  Fig. 5 shows the current-overpotential curves of Pt
electrode alone and Pt electrode with a catalytic interfacial layer on a conventional electrolyzer
cell (anode is exposed to air).  In the presence of the interfacial layer, a clear voltage reduction is
observed for a same electrolytic current.  The voltage reduction can be as large as 0.4 V for high
enough electrolytic current.  More characterization is in progress.

Figure 5: Current-voltage plots showing the effect of the interfacial catalytic layer. The cathode
inlet gas was H2O (31%) + N2 (balance).  The anode inlet gas was air.

Preliminary System Analysis

The above data were obtained for small size cells and the information on the gas composition in
the methane side has not been well determined.  Therefore, a precise system analysis is not
possible at this point.  However, assuming some hypotheses, it is possible to have a rough idea of
the system efficiency.

From the HOT ELLY data, the production of 1 kWh of hydrogen requires 0.2 kWh energy for
converting water to steam and 1.07 kWh electricity for electrolysis (at a current density of 0.5
A/cm2).  From the I-V curve of the NGASE, it can be calculated that a same amount of hydrogen
would require only 0.12 kWh electricity and 1.3 kWh of methane (assuming total oxidation at
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80% fuel conversion).  The electricity consumption of the NGASE is thus reduced by one order
of magnitude compared to conventional electrolyzers.  The majority of the energy required is
supplied by natural gas, which is much cheaper than electricity.

The HOT ELLY electrolyzer had an electrical efficiency of 92%.  However, assuming an
efficiency of 38% for the electricity generation, the overall efficiency drops to 39.3% (Donitz
1990).  In contrast, the NGASE efficiency is as high as 62%, assuming a total oxidation mode.
More detailed analysis will be reported in the future.

 Future Work

Our plan is to further characterize the NGASE using large size cells.  In addition, we will
continue the development of the different catalysts for improved electrolyzer performance.  We
will do engineering calculations in order to determine the best stack design and to identify the
most efficient and the most interesting mode of operation.  Then, we will build a 100 W followed
by a 1 kW prototype units.  Ultimately, we will consider pressurized systems for better
efficiency.  The Institute of Gas Technology will be our partner in the stack development effort.

 Conclusion

We have demonstrated the feasibility of the Natural-Assisted Steam Electrolyzer concept.  The
use of natural gas to partially replace the more expensive electricity has been shown to lower the
electricity consumption by as much as one order of magnitude.  In the partial oxidation mode,
hydrogen is generated on both side of the electrolyzer making the system highly efficient.  In this
mode, the NGASE yields similar products as the steam reforming reactor with the advantage of
the modular characteristic of the fuel cell.
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  Figure Captions

Figure 1: Scanning electron microscopy picture of a cross-section of the NGASE thin film cell.

Figure 2: Current-voltage plots of conventional electrolyzer and NGASE.  The cathode inlet gas
was H2 (3%) + H2O (70%) + N2 (balance).  The anode inlet gas was CH4 (97%) + H2O (3%).

Figure 3: Current-voltage plots of NGASE cell for different fuel compositions.  The cathode inlet
gas was H2 (3%) + H2O (70%) + N2 (balance).

Figure 4: Current-voltage plots of NGASE cell for different steam compositions. The anode inlet
gas was CH4 (5%) + H2O (3%) + N2 ( balance).

Figure 5: Current-voltage plots showing the effect of the interfacial catalytic layer. The cathode
inlet gas was H2O (31%) + N2 (balance).  The anode inlet gas was air.
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Summary of Approach and Rationale

F Meeting the Power Cost Equalization (PCE) challenge
G Conservation

â Does not reduce the fixed costs of operating a utility
G Look for other ways to meet energy needs of rural residents

â UAF Energy Center is working on this issue

F Criteria for new technologies
G Reduce total system cost of energy

â High reliability
â Lower capital costs
â Lower fuel consumption

G Must work in an arctic climate
F PEM Fuel Cells for Rural Alaska Villages

G Distributed electrical generation
G Heat recovery to increase efficiency

â 80% fuel utilization possible
G System reliability improved by multiple units networked together
G Capital costs reduced due to lower excess capacity for outages
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Past Results

F Not Applicable
G Program start date July 15, 1998
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Current Year Results

F Surpassed Phase I goals by 21 orders of magnitude
G Three Hydrogen PEMFC’s were delivered and made operational by 30 Sept.

1998.
â The milestone was to deliver 2 electrons from a 3-5 kW hydrogen PEMFC by 30,

Sept. 1998.  The SERC system delivered a couple hundred coulombs (recall 1
Coulomb is 1019 electrons, hence we received approximately 1021 electrons)

G Delivered by 30 Dec. 1998
â Steam reformer operating on Kerosene

G Delivered by 5 April 1999
â POX reformer operating on Kerosene

G Fuel Cell test benches were constructed and made operational 15 Feb. 1999
G System efficiency data on all three PEMFC systems operating on hydrogen

were measured, and paper prepared for the 10th Annual NHA meeting April 4-9
1999

G Steam reformer made operational
â first order data obtained
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Plans for Future Work

F Phase I completed
F Phase II under way

G Deliverables and milestones are:
â Second generation PEMFC and reformation technologies are due from each of the

industrial partners
â Laboratory systems are to be fully integrated producing “grid” quality power in a

fully automated manner by the end of CY 1999

F Phase III
G Deliverables and milestones are:

â Create third generation fully automated system suitable for a remote arctic validation
site.

â Demonstrate this system in a suitable remote arctic site
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Status of Economic Evaluation / Systems
Analysis

Fuel savings
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Goals and Basis for Goals

F Goals
G Accelerate development of PEM fuel cells for distributed power applications

G Significantly reduce consumption of fossil fuels

G Start development of a power generation network based on hydrogen as an
energy carrier

G Work on carbonless infrastructure based on renewable energy

F Basis for Goals
G Motherhood and apple pie
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Major Barriers to Meeting Goals

F Developing a reliable diesel and/or kerosene reformer

F Operation in 220 K ( -60 F) weather

F Convincing the end consumer that this system will be better than that
currently used.

F time

F money

























Summary of Approach/Rationale
l Project Goal

To develop a heat and power system to supply 3-5 kW of grid quality
electric power from kerosene/diesel fuel in remote arctic environments

l Project Rationale
Fuel and maintenance are high in remote areas because of transportation.
Combined heat and power maximizes fuel use. Therefore, distributed
power approach

l Technical Approach
Centered on PEMFC with fuel processing and power conditioning

l Project Approach - Team
Sandia National Laboratories (SNL), Livermore, CA
Teledyne Brown Engineering (TBE), Hunt Valley, MD
Schatz Energy Research Center (SERC)
Humboldt State University, Arcata, CA
Hydrogen Burner Technology (HBT), Long Beach, CA



Background SERC

Schatz Energy Research Center (SERC)
l Working on PEM since 1992
l Primary Interest in Renewable Energy
l 200 w to 9 kW
l Stationary Applications
l Vehicle Applications
l Patented process



Background HBT
l Experience in hydrocarbon fuel conversion to hydrogen reformate

gas through both its 10 year old Phoenix Gas Systems and 2 year
old DOE PNGV programs.

l Successful experience with higher hydrocarbon fuel conversion in
its patented lower cost straight partial oxidation technology
(UOB™).

l Current Commercial Hydrogen Generators - PGS Product Line: 600
SCFH & 4200 SCFH Units:
– 99.9+% Hydrogen
– Fuel Flexible
– <5 PPM CO Levels
– Skid Mounted Packaging
– Low Capital Cost
Other Development Programs



Background TBE
Energy Systems has two product lines, both involving energy

conversion and both applicable to this project:
electrolysers and power generators

Electrolysers:
l Industrial quality to world market
l High purity H2/O2
l Wide range 1 slm to 800 slm

going up to 2000 slm
l Associated equipment and safety experience
Small Power Generators:
l Reliable Prime power for remote locations, worldwide
l Thermoelectric, various heat sources
l 2.5 kW long-lived gas-fueled  generator
l Other conversion technologies



Results

l Phase 1 started July 1998.
l In September, SERC delivered a 3kW fuel cell stack to SNL for

testing on hydrogen.
l SERC assisted SNL/ UAF with test bench setup
l SNL/UAF set up test benches and tested SERC 3kw stack

(Test results published)
l TBE delivered a Model HM50 Hydrogen Generator to SNL

(Modified for UAF but not yet installed at UAF)
l HBT developed a scaled-down version of partial oxidation type

fuel processor and designed it for kerosene/diesel (Delivered on
3/31/99, not yet tested at SNL)



Fuel Cell Results

Test Results at SERC
l 3kW at over 75 amps (250 mA/cm2), steady performance
l stable 3.15 kW at an average 700 mV/cell,

for a stack efficiency of 56% (LHV).
l To all appearances, this test could have continued

indefinitely

Test Results at SNL
l Open circuit voltage efficiency: 75%
l At load voltage efficiency: 58%
l Net electrical efficiency (LHV): 48%
l Net electrical efficiency (HHV): 41%











Fuel Reformer



Plans for Future Work
Phase 2  ( Feb - Dec 1999)

Continue efforts of Phase 1 so subsystems can be run as a breadboard
system.

– Build second fuel cell stack and ancillary components
– Develop a control system for the fuel cell subsystem
– Integrate the fuel cell subsystem with controller
– Integrate fuel cell subsystem with power handling components
– Develop power handling algorithms, integrate into controller
– Test Phase 1 fuel processor
– Retrofit reformer with latest advanced catalyst from HBT’s ongoing

development
– Build enhanced fuel processor
– Integrate fuel processor into the system



Phase 3 (Jan - Dec 2000)
Systems will be fully integrated, packaged, automated, and
complete, ready for operational testing in Alaska.

• Analyze results from Phase 2 testing
• Upgrade where necessary
• Integrate heat transfer subsystems
• Package configuration
• Integrate control systems into an overall control package
• Develop top level control algorithms for the heat and power

system
• Instrument for testing
• Test

Plans for Future Work



Status of Economic Evaluation /
System Analyses

Total fuel costs depend on:
l Overall system efficiency

(combining heat and power >90%)
l Electrical generation efficiency

fuel cell stack demonstrated 56%
fuel cell subsystem demonstrated 48%
reformer efficiency not yet tested
reformer power demand not yet finalized

l Power conditioning efficiency ~90%
Maintenance costs not known yet
Equipment costs
Production costs large uncertainty:
l Useful life not yet proven
l Commercial forces



Goals and Basis for Goals
Project Goals
l To develop a heat and power system to supply 3-5 kW of grid quality

electric power from kerosene/diesel fuel in remote arctic
environments

l Centered on PEMFC with fuel processing and power conditioning
l Demonstrate the usefulness of such a system

Basis for Goals
l A system which produces power and whose waste heat is useful  in

home heating enables more efficient use of fuel in the region
l Support the development of products and infrastructure based on

hydrogen utilization



Major Barriers to Meeting Goals

Potential Barriers to Project Goals
l Performance of the fuel reformer
l Longevity of the fuel reformer
l Longevity of the fuel cell stack
General Barriers
l Development Cost
l Time to demonstrate that the technical

barriers are overcome





















REMOTE ALASKA POWER PROGRAM

JOHN CERVENY
PLUG POWER, LLC

968 ALBANY SHAKER ROAD
LATHAM, NY 12110

Abstract

Until only a few years ago large-scale production of fuel cell devices was
prohibited by the high cost of raw materials.  Thanks to advancements made at
our National Labs these costs have dropped considerably and have made
possible the commercial production of fuel cell systems. Once commercialized,
these Proton Exchange Membrane, or PEM fuel cell power systems will
revolutionize the concept of distributed generation. The approach for this project
is to integrate a PEM fuel cell stack, diesel reformer and balance of plant to
provide clean and efficient grid-quality electricity to remote areas of Alaska.  The
goal is to demonstrate a cost-effective and efficient system that when
commercially introduced will replace inefficient, polluting diesel generators in
remote areas.

Summary of Approach and Rationale

Rationale
The purpose of this program is to accelerate the development of proton exchange
membrane fuel cell (PEMFC) systems for use in distributed power generation
applications, begin the development of a renewable hydrogen infrastructure, and
promote the commercialization of these technologies.

Remote areas of Alaska already depend on distributed generation to supply their
power needs.  In most cases diesel generators are the prime source of electricity.



These generators are often deployed in triplicate to ensure reliability, are
expensive to operate and maintain and are a significant source of pollution.  The
cost of electricity in many villages exceeds 50 cents per kilowatt-hour and can
reach as high as 80 cents per kilowatt-hour or even more.

The combination of these factors clearly points to the need for clean, reliable and
cost-effective power in the remote villages of Alaska.  PEMFC systems, designed
to endure the harsh arctic climate, will address this need by offering increased
fuel efficiency while relying on the current infrastructure (heating oil tanks).  It is
estimated that the co-production of heat and electricity has the potential to
reduce the amount of diesel used by 40 percent.  Further, heat generated by the
fuel cell system can be captured to meet household heating needs which
typically represent about 60% of total household energy demand.

Approach
The approach for this project is to integrate a PEM fuel cell stack, diesel
reformer, power electronics and balance of plant to provide clean and efficient
grid-quality electricity to remote areas currently supplied by diesel generators.
The work being done for the Alaska Remote Area Program is a natural extension
of Plug Power’s commercialization efforts already underway for natural gas and
propane residential fuel cell systems.

Plug Power’s approach towards commercialization is to design and develop a
commercial appliance based on fuel cell technology.  We are not a research
institution.  Instead, we function as an integrator, and to a large degree, designer
of sophisticated technology provided, in many instances, by others.  For
example, the residential fuel cell unit has three basic processes: 1. the fuel
reformer which extracts hydrogen from a common fuel source such as natural
gas, propane or diesel; 2. the fuel cell stack, the heart of the fuel cell which
produces electricity utilizing the hydrogen in a chemical versus a combustion
process; and 3. a power conditioner which changes the generated electricity from
direct current to alternating current.  Plug Power has established design criteria
for each process and is working along parallel paths with multiple suppliers for
fuel reformers and power conditioning equipment.  Plug Power’s principal focus
is on stack development and system-level design and integration.

Plug Power is on schedule to commercialize 7-kilowatt residential fuel cell
systems in 2001.  Along this path we are installing and studying hundreds of field
units throughout 1999 and 2000 in preparation for this major commercial launch.
The systems being deployed  this year and next will give us real world data on
system efficiencies, i.e. reformer, stack, balance of plant and inverter efficiencies.
Through these and other efforts, Plug Power is advancing the state of the
PEMFC technology to produce reliable and efficient systems.



Plug Power is currently the leading developer of PEM fuel cell systems in the United
States.  Plug Power, headquartered in Latham, N.Y., is a privately held company
whose investors include: DTE Energy Co, the parent of Detroit Edison, Michigan’s
largest electric utility; Mechanical Technology Inc., an early developer of fuel cell
technologies; Southern California Gas Co., the nation’s largest natural gas
distribution utility; and General Electric. In February 1999 Plug Power entered into
an agreement with General Electric Power Systems.  GE Fuel Cell Systems was
created as a joint venture to market, sell, distribute and service residential fuel cells
throughout the world.

Past Results

Not applicable.  This program was initiated with a start date of July 15, 1999.

Current Year Results

Plug Power delivered a fully integrated 7kW fuel cell system in September of 1998 to
Sandia National Lab.  The system operates on hydrogen and produces grid-quality
AC power.  The system was not optimized for efficiency, rather it demonstrated proof
-of-concept for system functionality and integration.  Sandia and University of Alaska
personnel received training on system operation at Plug Power’s facility prior to
shipment of the unit. The system has been operated by Sandia and UAF personnel
since its delivery to SNL in Livermore.

Plans for Future Work

Plug Power’s fuel cells will provide homes and small businesses a compact,
efficient, reliable, clean, and economically advantageous method of meeting their
electricity requirement.  Plug Power’s initial commercial units will operate on natural
gas, propane, or methanol and are expected to achieve 40% electrical efficiency.
When excess heat generated by the fuel cell is captured and used for hot water or
heating, overall efficiency can exceed 70%.

Fuel cell systems can be sized to match consumers' specific energy requirements
and in many regions, will provide an attractive alternative to grid-supplied power.
Another major benefit is the elimination of the cost and inconvenience associated
with power outages. To date, fuel cells have not been a viable option for small-scale
power generation due to their relatively high cost. However, due to technical and
production advances by Plug Power, GE Fuel Cell Systems expects to offer
residential-sized systems which will compete favorably with the existing grid,
extending the market from niche applications to mainstream grid displacement.
In the case of the Alaska market, fuel cells have the promise of providing reliable,
cost-effective and environmentally clean power.



Under Phase II of this program, the goal is to connect the reformer and fuel cell
system delivered under Phase I and demonstrate operation from diesel in to
electricity out.  Energy and mass balances and the steps necessary to integrate the
system for co-generation will be evaluated.  Phase III will involve full system
integration with a diesel reformer.  The complete system will be fully functional for
deployment in Alaska.

Goals and Basis for Goals

Goals
The principle goal for this program is to accelerate those technologies and requisite
infrastructures compatible with and needed for a renewable hydrogen economy.
This program will serve as an energy test-bed to validate PEMFC technologies and
their applicability to remote distributed generation.  The overriding goal of the
program is to demonstrate a clean and efficient means of producing grid quality
electricity through a fuel cell system configured to operate in the Arctic climate.  Plug
Power is participating in this program to gain experience and knowledge required for
building systems to serve the unique needs of Alaskan residents and to
commercialize these fuel cell systems.  It is estimated that the market size in Alaska
alone is approximately 800 megawatts of capacity.  Technologies developed through
this program will not only give rise to commercial product for Alaska, but also other
markets where the climate is similar or where diesel is the fuel of choice.  Clearly,
our goal in participating in the Alaska Program is to further our next-generation of
commercial systems beyond natural gas and propane.

Basis for Goals
The need to move away from fossil fuel resources and develop both the
technologies and the infrastructure needed to implement a carbon-less society
provides the underlying basis for this work.  Using hydrogen technologies in
combination with hybrid diesel systems to provide remote power reduces the
economic and environmental burdens experienced by areas constrained by climate
and infrastructure.

Status of Economic Evaluation

The basis for an economic evaluation of the fuel cell system lies in the efficiency of
complete system and its overall cost from capital to installation and maintenance.  It
is envisioned that the efficiency measurements of  the complete system, from the
reformer and stack to the inverter will be quantified in the last pahse of the program
when the system is deployed in Alaska for test and evaluation.  Results from this will
determine the overall economic viability of a fuel cell system versus diesel
generation.



The expected range for the diesel fuel cell system’s electrical efficiency is
approximately of 35 - 40%.  Compared to diesel generation with an approximate
efficiency of 25%.  Fuel cell technology offers a much higher overall efficiency
when the waste heat is captured and used for water and space heating.  It is
estimated that this could drive overall efficiencies above 70%.  Any economic
evaluation of fuel cell technology must quantify the amount of heat available for
heating purposes.  An estimate of the average annual electric load in an Alaskan
home is 2.9 kW, 1.6 kW for electric appliances and 1.3 kW for hot water and
space heating.  Capturing and using waste heat from the fuel cell could
significantly lower kilowatt demand and therefore lower diesel consumption.  This
increased efficiency in diesel use translates into direct dollars saved at the
household level and can lower the storage cost of diesel on a macro scale.  Also,
savings will be gained due to the reliability of a fuel cell system.  The redundancy
factor in deploying diesel generators to ensure reliability is diminished through
fuel cell use.

An economic analysis should also take into account the environmental benefits of
decreased diesel fuel consumption, i.e. a reduction in pollution emissions and oil
spills.  Further, it will be important to quantify total life cycle costs of a fuel cell
system compared to a diesel generator (diesel generators needed major
overhaul every 10,000 - 12,000 hours) and have a much shorter total life
expectancy.

Major Barriers to Meeting Goals

1. Developing a reliable diesel and/or kerosene reformer
2. Overall cost reduction – capital, installation, and maintenance costs are all

factors when competing with diesel electric generators.
3. Convincing the end user that this is an appropriate technology.
4. Time
5. Money
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PEMFC STACKS FOR POWER GENERATION
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Abstract

Recently, much of the interest in polymer electrolyte membrane (PEM) fuel cell development has
been shifting from transportation to stationary power applications.  In contrast to molten
carbonate or solid oxide fuel cell technologies which are most appropriate for large-scale power
applications, PEM fuel cells are envisioned for small, home-based power sources on the roughly
3 - 5 kW level.  Plug Power, LLC, a fuel cell manufacturer, is primarily pursuing the development
of such systems.  Technological advances in PEM fuel cells at Los Alamos National Laboratory
(LANL) are of potential utility for the development of readily manufacturable, low-cost and high
performance fuel cell systems operating at near-ambient reactant pressures.  As such, the two
parties are collaborating on addressing some of the more pressing issues.  The primary tasks
involve the investigation of both stainless steel and composite bipolar plates, CO tolerant anodes,
and novel humidification and stack operation schemes.

Introduction

Home-based stationary power applications are a relatively new area of emphasis for polymer
electrolyte membranes.  Some of the possible reasons for this increased attention is the recent
demonstrations and development successes of the PEM fuel cell, the deregulation of the utilities
and the slow maturation and competitiveness of the transportation market for fuel cells.   While
the majority of funding and interest in the PEM fuel cells has historically been for transportation



applications, meaningful penetration of that market will be difficult for many years yet because
the competitive technology is well-entrenched and inexpensive.  Despite the significant
environmental advantages, fuel cell systems will still need to cost on the order of $50/kW for
transportation which will only be attained with enormous production levels.  Until then, many of
the fuel cell companies have been attracted to home-based stationary power as a possible fuel cell
market that should still be sizable, should accommodate much higher unit costs and does not
involve entrenched competition.  Most domestic fuel cell companies have teamed up with utilities
to explore such possibilities.  The majority of home-based units will be designed to operate on
natural gas because an extensive distribution network is already in place.  By installing home-
based units, utilities can increase generation capacity without needing to site and license new
plants or build new power lines, both of which have become ever more costly and problematic
due to public resistance and tightening regulations.  Natural gas suppliers might also be interested
in the home-based systems because of the possibilities of competing in a new market and
relieving their susceptibility to natural gas prices.

Operating the home-based system on natural gas will require a fuel processor to provide
hydrogen to the fuel cell.  The reforming and/or partial oxidation fuel processor reactions produce
byproducts such as CO and CO2.  If the CO is not removed from the fuel stream in some manner
before it reaches the fuel cell it will severely affect performance, especially with standard anode
designs.  The typical strategy is to remove the CO through a series of additional steps, but
removing the last tens of ppms can not always be routinely assured with typical systems.
Therefore, anodes that can tolerate higher levels of CO than conventional electrodes are of
interest to withstand excursions that may occur with start-up of the fuel processor or during
variations in load levels.  Another issue with the use of natural gas is the operating pressure of the
fuel processor system.  Most other hydrocarbon fuels are usually liquids which can be efficiently
pumped to allow the use of a pressurized fuel processor.  This decreases the fuel processor
volume (and cost) and increases the pressure of the hydrogen delivered to the fuel cell stack,
which alleviates dilution effects.  However, domestic natural gas is typically delivered into the
house at less than 1 psig.  Compressing the natural gas incurs a considerable power penalty and
requires an additional piece of expensive equipment.  The preferable option may be to operate a
low-pressure fuel processor, however, the fuel cell anode will then need to operate at near
ambient pressures.  Anodes then need to be designed and optimized for both the low-pressure
operation and CO tolerance.

Near ambient pressure operation is of interest for the air or cathode side for much the same
reason as the anode side, that is, to minimize parasitic power losses and lower the component
costs.  If pressures can be kept low, a blower can be used to provide the air flow through the fuel
cell.  While not particularly efficient, a blower is obviously much less expensive than a turbine or
positive displacement compressor, and with very low pressures, the PV work required is minimal
and the device efficiency is not much of a factor.  Since the cathode kinetics are roughly first
order with respect to oxygen partial pressure, the stack power densities are not as high as with the
pressurized cells, however, it can be shown that once the parasitic losses are taken into account,
the net power densities are not very different.  A number of issues arise with very low-pressure
operation.  Low pressure operation often results in drier operating conditions due to both lower
current densities (less water produced) and the higher water vapor volume fractions (more water
removed with the air effluent compared to pressurized).  As such, the effectiveness of the



membrane hydration scheme becomes more significant at the lower pressures.  Direct liquid
water hydration of the membranes then appears to have advantages over the classical means of
cell hydration, namely, reactant humidification.  Avoiding reactant humidification also eliminates
the pressure drop required to force the reactant air through the humidification module, which
further decreases the parasitic power requirements.  As such, major areas of emphasis are direct
liquid membrane hydration  and near-ambient system schemes.

Regardless of the fuel cell system or stack technology, one of the major limitations is currently
the bipolar plate technology.  Historically, machined graphite plates have been the material of
choice, but are clearly too expensive for mass production.  The bipolar plates also need to be
highly electrically conductive, durable, impermeable and corrosion resistant, a surprisingly
difficult combination to realize.  Metal hardware is of interest because of its toughness and the
versatile fabrication options, but corrosion is a significant difficulty.  Previously in this program,
we considered stainless steel (SS) alloys and have operated cells for as long as 2000 h using 316
SS with little evident effect, but the inclusion of metal ions into the membrane discourages
operation on a much longer time frame.  More like 40,000 h would be needed for stationary
applications.

Discussion

Metal Bipolar Plates

Most of our work with metal hardware in this program has focused on the development of non-
machined low-cost bipolar plates based on the use of untreated 316 SS screens and foils (Wilson
and Zawodzinski 1998, Zawodzinski et al. 1998b).  The performance of this hardware in polymer
electrolyte fuel cells was initially monitored via polarization curves and high frequency resistance
(HFR) data.  In general the hardware performed well in several fuel cell tests including a 2000 h
life-test and appeared to be corrosion resistant, in that cell performance and the HFR remained
quite stable over the test period (Zawodzinski et al. 1998a).  After the test, the membrane-
electrode assembly (MEA) was examined by EDS (energy dispersive x-rays) and was found to
be relatively clean.  However, EDS can not quantitatively distinguish metal ions that are present
in stainless steel because the scope itself is made from it.  In order to accurately assess what
metals were present in the MEAs, an x-ray fluorescence (XRF) spectrometer was obtained.
When the MEA from the 2000 h test was reexamined with this instrument, it was found that
metals such as iron and nickel were indeed present in appreciable quantities.  While the cell
performance was not yet unduly affected, significant losses can be expected over the much
longer lifetimes that would be expected of stationary applications.  While the membrane has
some tolerance, eventually the active sites would be tied up by the polyvalent ions and ionic
conductivity would be seriously impaired.  The XRF finding prompted us to do more extensive
work in the area of corrosion testing and to analyze other metal alloys that might provide better
corrosion resistance than 316 SS but are still relatively low-cost.

Screening of Metal Alloys for Corrosion Resistance

Many types of alloys have been developed for applications where common stainless steels such
as 304 or 316 SS do not provide adequate corrosion resistance.  In general, the compositions of



these alloys are similar to their stainless steel or nickel-base counterparts except that certain
stabilizing elements, such as nickel, chromium and molybdenum, are added and/or are present in
much higher concentrations in order to obtain desirable corrosion properties.  Different
combinations of these elements and their concentrations can dramatically change the nature of
the alloy and thus, alloy compositions are usually tailored for quite specific applications, such as
marine water service.  This poses a problem in choosing suitable materials for fuel cells because
of the variety of conditions present that are all conducive to corrosion yet are very different in
nature, i.e. chemical and electrochemical oxidizing and reducing environments, humidity, and
possibly slightly acidic environments.

For example, nickel, which is common to all of these families of alloys, provides corrosion
resistance in neutral and reducing environments and is essential to prevent chloride stress
corrosion cracking.  Thus, for applications such as seawater or caustic service, a high Ni content
is required and most of the nickel-base alloys have been developed for these types of
applications.  In neutral to oxidizing media, however, a high chromium content (which is often
accompanied by the addition of molybdenum) is necessary.  Many of the stainless steel alloys
have been developed along this vein and are used in a variety of corrosive environments, i.e. nitric
acid service.  Since both oxidizing and reducing conditions exist in a typical fuel cell
environment, we screened a number of stainless steel and nickel alloy samples representing
several categories of corrosion-resistant materials as possible alternatives to 316 SS or graphite-
based bipolar plate materials.

The alloy samples were obtained through Allegheny-Ludlum and their specific compositions are
summarized in Table 1 (only limited data were available for E-Brite and 316 SS was included for
comparison purposes).  The first alternative alloy, E-Brite 26-1, is a superferritic stainless steel.
This family of stainless steels was developed primarily for use as a lower-cost alternative to
nickel-base alloys for applications where chloride stress corrosion cracking is a problem, and can
also be used for caustic service.  However, E-Brite is similar to 316 SS in that it contains
molybdenum in addition to a high chromium content, which gives it resistance to oxidizing
environments as well.  Alloy 2205 is a Duplex stainless steel.  This type of stainless steel was also
developed to provide resistance to stress corrosion cracking and is used for applications such as
piping for oil and gas vessels.  In this alloy, nitrogen is added to a Cr-Ni-Mo base to obtain a
duplex material, which has features of being both ferritic plus austenitic in structure.  This
essentially gives it somewhat of a dual nature with respect to corrosion resistance as for the case
with E-Brite, but the addition of nitrogen also makes it particularly strong.  Alloys 201, 400, and
600 are nickel-base alloys with additions of cobalt and special additions of copper for AL400 and
chromium for AL600.  All of these alloys provide resistance to chloride stress corrosion cracking
and are very suitable for reducing environments such as caustic service.  AL600 has the
additional benefit of corrosion resistance in weak oxidizing environments due to its high
chromium content.  The minimal amounts of Fe in these alloys are potentially of interest because
iron is believed to adversely effect the kinetics of the oxygen reduction reaction at the cathode if
it reaches the catalyst.



Table 1.  Typical Compositions of Selected Stainless Steel and Nickel-base Alloys

Alloy % C % Mn % P % S % Si % Cr % Ni % Mo % N % Fe %Other

316 SS 0.08 2.0 0.045 0.03 1.0 16.0 10.0 2.0 0 balance 0

E-Brite
26-1

26.0 1.0

AL2205 0.02 0.7 0.025 0.001 0.40 22.4 5.8 3.3 0.16 balance 0

AL201 0.02 0.02 0 0.002 0.05 0 balance
Ni+Co

0 0 0.05 0

AL400 0.10 0.50 0.005 0.005 0.25 0 balance
Ni+Co

0 0 1.0 32 Cu
0.02 Al

AL600 0.05 0.25 0 0.002 0.20 15.5 balance
Ni+Co

0 0 8.0 0.1 Cu

To assess the corrosion resistance of these materials, samples of each alloy were subjected to
aggressive immersion testing.  In this type of test, the materials are immersed in acidic solutions
and are exposed to conditions analogous to a fuel cell environment but are much more severe
than what is actually present in an operating cell.  The harsh conditions tend to accelerate
corrosion of the materials and thus differences in the corrosion resistance of numerous alloys can
be assessed relatively quickly (on the order of a few days or weeks).  As a result, only the most
promising alloys need be made into bipolar plates and tested in fuel cells, which is a time-
consuming and much more expensive process.

Specifically, coupons of each of the alloys (1 in2) were immersed in solutions of pH 2 and pH 6
sulfuric acid, which were maintained at 80oC by means of a water bath.  One set of solutions was
continuously sparged with hydrogen (in forming gas – 94% Ar, 6% H2) while another was sparged
with air for about 125 hours.  Each bottle also contained a piece of Nafion 112 (H+ form) cation-
exchange membrane to act as a sponge for metal ions that may have leached from the alloys.  At
the end of the test period, corrosion resistance was assessed gravimetrically based on weight loss
of the material and the Nafion samples were analyzed by XRF to assess which metal ions, if any,
were present and to what extent they occupied exchange sites in the membrane.

In general, corrosion of the alloys was accelerated for those samples immersed in pH 2 sulfuric
acid and was exacerbated by the presence of hydrogen for the stainless steels and by air for the
nickel-base alloys, except in the case of AL400.  E-Brite was the best alloy in terms of its overall
corrosion resistance.  However, at pH 6, AL600 exhibited excellent corrosion resistance with
corrosion rates of less than 1 µm/yr and virtually no leaching of metals to the membrane.

Based on these initial results, samples of E-Brite and AL600 were subjected to another immersion
test cycle under the same conditions, but this time samples of 316 SS were included for
comparison and the test was run for 300 h.  Similar results were obtained, with corrosion rates
increasing as the pH decreased.  E-Brite provided the best overall corrosion resistance, with
corrosion rates of less than 1 µm/yr for all conditions.  AL600 and 316 SS also exhibited low
corrosion rates at pH 6 but could not tolerate the pH 2 environment as well as E-Brite.  These
effects were especially observable in the Nafion samples that were included in the immersion test
and are shown in Figure 1.
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Figure 1 - Metal Ion Inclusion Detected in Nafion Samples by XRF Analysis.

Each piece of membrane in the sample solutions was analyzed by XRF for the presence of metal
ions and the concentrations were converted to theoretical percentages of exchange sites taken up
by those ions (based on a given number of equivalents per ion, i.e. 2 for Fe2+).  Since XRF can
not distinguish between different oxidation states or whether the metal is part of an oxide on the
surface for example, these values are used as semi-quantitative indicators of the extent of metal
ion inclusion.

As can be seen in Figure 1, though all three of the alloys had low corrosion rates at pH 6, E-Brite
clearly withstood the environment much better than either 316 SS or AL600 when the membrane
was considered.  This is a particularly important factor when considering metal alloys for use in
fuel cells because the membrane-electrode assembly is the most vulnerable cell component and
keeping it clear of ion contamination will be critical for the long term operation that will be
required for successful commercialization.

In addition to the immersion tests described above, a metal bipolar plate with an inexpensive
proprietary coating was tested in a fuel cell for 200 h under conditions typical for pressurized
systems.  The cell voltage was maintained at 0.7 V to create a harsher electrochemical
environment within the cell, but also because this is a common operating voltage for stationary
power applications where metal hardware is most likely to be utilized.  The cell’s performance
was monitored via polarization curves and high frequency resistance measurements throughout
the run and the membrane-electrode assembly was later analyzed by XRF for metal ion
contamination.  The cell performance was not as good as that obtained with graphite plates,
however, the performance was quite stable.  The HFR values were not unreasonable and did not
increase over time.  Analysis of the MEA did show evidence of some uptake of metals from the
coating, but visual analysis of the plate suggested that the corrosion occurred in areas adjacent to
the gasket material where water can tend to be retained.  The main portions of the flow-field
appeared to be unaffected.  Though some corrosion was observed, the results suggest ways to
tailor the coating to be more effective in the presence of water and thus new coatings are
presently being formulated for testing.



In general, it appears that prolonged contact with water and a low pH are the most significant
contributors to corrosion of metal plates.  Much can be done to decrease the incidence of
stagnant water by appropriate design of cell components.  Also, if the pH of the water in a PEFC
can be maintained at its typical value of about pH 6 – 7, these results suggest several other possible
low-cost alloys (or coatings) that may be suitable for use as bipolar plates.

Composite Bipolar Plate Materials

Composite materials offer the potential advantages of lower cost, lower weight, and greater ease
of manufacture than traditional graphite and metal plates. For instance, flow fields can be molded
directly into these composites, thereby eliminating the costly and difficult machining step
required for graphite or metal hardware.  Most of the composites used in fuel cell bipolar plates
have employed graphite powder in a thermoplastic matrix such as polyethylene, polypropylene,
or, most commonly, poly(vinylidene fluoride) (PVDF), with or without short carbon fibers for
reinforcement.  Unfortunately, PVDF is relatively expensive, and any thermoplastic composite
must be cooled before its removal from a mold, resulting in long cycle times.  On the other hand,
thermosetting resins (e.g., phenolics, epoxies, polyesters, etc.) generally offer shorter process
cycle times than thermoplastics because, once cured, they become rigid and can be removed
from the mold while still hot.  While injection and/or resin transfer molding may be attractive
from a mass-production standpoint, the solids content required to attain good electrical
conductivity renders these processes impractical.  A polymer melt or solution with high (> 50%)
solids loading has poor rheology, and the thixotropic nature of the mixture would require
exceedingly high molding pressures to achieve adequate fill, even if a homogeneous distribution
of filler and polymer could be attained.  Thus, from a processing point of view, compression
molding is favored for both thermoplastic and thermoset matrix composites.

If compression molding is used, cost-effective mass production would tend to be more readily
achievable with thermosets rather than thermoplastics because of their shorter cycle times.  With
the proper combination of resin additives and temperature, a compression molded thermoset
composite can cure in comfortably less than 5 minutes, resulting in cycle times an order of
magnitude less than those required for thermoplastics.  One particular family of thermoset resins,
vinyl esters, seems especially well-suited to bipolar plates (Busick and Wilson 1998).  Vinyl esters
are methacrylated epoxy difunctional polyesters, and as such are often described as a cross
between polyester and epoxy resins.  In addition to being noteworthy for their excellent
corrosion resistance, vinyl esters are lightweight, strong, tough, and commercially available at low
cost.  By capitalizing on these properties of vinyl ester resins, we have developed new material
formulations for producing low-cost, high-performance, easy-to-manufacture composite bipolar
plates.

The most widely used conductive filler for composite bipolar plates is graphite powder and it is
employed in the vinyl ester composites described here as well, although early tests revealed that
the choice of graphite powder influences the conductivity of molded parts.  Thus, the relationship
between filler loading and electrical conductivity appears to depend somewhat on graphite
particle size and particle size distribution.  We have identified a particular type of graphite powder
with a fairly narrow particle size distribution that offers relatively high conductivity for a given
volume fraction and is reasonably easy to combine with the liquid resin to form a homogeneous
mixture.
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Figure 2 - Fuel Cell Performances using Composite
and Stainless Steel Bipolar Plates (Tested at Plug Power)

Following the development of “baseline” composite materials, in-cell testing was performed.
Plug Power has used these compounds to mold bipolar plates with and without integral flow
fields.  A set of these molded plates with 60 wt% graphite and machined flow fields was
demonstrated in a fuel cell at Plug Power and performed as well as machined graphite.  A thinner,
more conductive (68 wt% graphite) set of plates molded at LANL and having machined flow
fields was also tested at Plug Power.  These plates exhibited cell performance comparable to their
baseline bipolar plate materials (e.g., machined graphite and stainless steel).  Polarization curves
for these plates along with similar data for stainless steel are shown in Figure 2 for comparison.

CO Tolerant Anodes

Eventually, the majority of stationary power systems will need to be designed for operation on
natural gas, primarily due to its extensive distribution network.  The simplest home-based units
will use near-ambient pressure steam reforming to convert the natural gas to a hydrogen rich fuel
stream.  Figure 3 portrays the unit processes of a generic ambient pressure fuel processor.  The
thermodynamic reaction equilibrium at the high temperature steam reforming (e.g., 700�C)
yields a roughly 10% concentration of CO by-product.  As a result, the reformate is relayed to
high and low temperature water-gas shift reactors to further lower the CO concentration (CO
levels in the figure are approximate order of magnitude).  Since even 0.1 % CO (1000 ppm) is
easily enough to thoroughly poison the fuel cell anode, the effluent from the LT shift reactor is
sent to a preferential oxidation (PROX) reactor.  Here, the CO is selectively oxidized using
oxygen from injected air to lower the CO to a level that can ideally be tolerated by the fuel cell.
Unfortunately, it is difficult to assure sufficiently low CO levels so air bleeding into the fuel cell
stack anode inlet is used to increase the anode tolerance.  Another means of increasing CO
tolerance is merely by increasing cell temperature, which lowers the CO sticking coefficient.



However, it is not possible to increase the operating temperatures much over the standard 80�C
with near-ambient pressures.  In any case, the amount of bleed air required to recover
performance as well as the upper level CO tolerance of the anode is strongly dependent upon the
anode design and catalysts.

HT SHIFT 
REACTOR 
CO + H20  →  

CO2 + H2   

(1%CO) 

REFORMER 
CH4 + 2H20  →   

CO2 + 4H2    

(10%CO)

PROX 
REACTOR 
CO + 1/202  

→ CO2     

(10 ppm CO)

FUEL 
CELL 

BURNER

Combustion 
Air

Air Inject Air Bleed Anode 
Off-gas

LT SHIFT 
REACTOR 
CO + H20  →  

CO2 + H2   

(1000ppmCO) 

CH4 

 
H2O

Figure 3 - A Generic Ambient Pressure Fuel Processor and Fuel Cell System
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At Los Alamos, we have developed a "reconfigured anode" (RCA) for pressurized transportation
applications (30 psig) that demonstrates substantially increased anode tolerance compared to
conventional anodes.  Now, for this effort, the RCA designs need to be tailored for the near
ambient pressures.  The primary difference is that the hydrogen partial pressure is substantially
lower compared to the pressurized system.  As a result, it is expected that simple dilution effects
(e.g., the effect of the presence of inert gasses on the hydrogen mass transport), would
detrimentally impact the anode performance.  The problem is further exacerbated if a partial
oxidation reactor (POX) is used in the fuel processor in place of the steam reformer, as the
hydrogen fraction of the reformate stream is yet further decreased. In most cases, it is indeed



difficult to attain neat hydrogen level performances using reformate at near ambient pressures.
One compelling exception is portrayed in Figure 4 for one particular cell tested at Plug Power.
First is shown the deleterious effects of 30 psig reformate with 50 ppm CO compared to 30 psig
neat hydrogen and the 50 ppm CO reformate with 4% air-bleed.  The air bleed does not recover
the neat hydrogen level of performance quite so well as a number of other pressurized cells but
secondary effects, such as mass transport or water balance limitations, appear to be
compounding the dilution effect.  On the other hand, at the stationary power relevant 0 psig
conditions, changing from neat hydrogen to 50 ppm CO reformate plus 4% air the cell does
surprisingly well.  The reasons why this particular design shows the better ambient pressure
reformate performances compared to other designs needs to be understood and hopefully even
further improved.

Novel Humidification and Stack Operation Schemes

Most of the motivation to develop an ambient pressure system instead of a more conventional
pressurized system is to replace the relatively sophisticated compressor and expander (to recover
some of the compression work) with a simple blower in order to substantially decrease costs,
complexity, and parasitic power losses. However, operation at near ambient pressures is not only
problematic from the perspective of decreased anode and cathode performances but also because
of added difficulties with water management.  Much more water is removed from the system at
near-ambient pressures compared to 30 psig because of the higher water fraction in the cathode
effluent, as is illustrated in Figure 5.  Shown here are the results of a simple calculation
considering the water balance in the cell taking into account the water formed in the fuel cell
reaction and the water removed with a 70�C cathode effluent.  At 3 atm (30 psig), the net water
balance is positive as long as the stoichiometric flow is kept below four.  At 1 atm, it is not
feasible to maintain a positive water balance at a reasonable stoichiometric flow.  As such, it is
challenging to maintain a high level of hydration in the membranes, especially at the relatively
high efficiencies (and corresponding modest current densities) of interest for stationary power.
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Thus, a method to directly humidify the fuel cell membrane electrode assembly (MEA) with
liquid water (Wilson et al. 1998) is of interest for ambient pressure operation.  The direct liquid
hydration can be accomplished by the introduction of an anode wicking backing that conveys
liquid water in the anode flow-field plenum directly to the membrane, as depicted in Figure 6.
The technique of using direct liquid hydration of the MEAs has a number of advantages for a
simple, low-cost fuel cell system in that it utilizes "ordinary" MEAs and bipolar plate
technologies and eliminates the need for a number of auxiliary components.  The approach
supplies liquid water to all regions of the MEA to improve performance at higher stack
temperatures and/or at lower cathode air pressures.  Direct liquid hydration also separates the
functions of gas supply and membrane hydration, which substantially simplifies the overall
system as well as its control.  The fine wicking threads were simply sewn into a conventional
hydrophobic carbon cloth backing using a computer controlled embroidery machine to place the
wicking in the desired regions and patterns.
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Figure 6 – Scheme for Direct Liquid Hydration using an Anode Wicking Backing

Since the air is supplied to the fuel cell dry, lower air pressures are needed than if a humidification
module were required as with most other systems.  Furthermore, the initially dry air is heated and
humidified as it passes through the stack adjacent the well hydrated membranes.  This reactant air
humidification is sufficient to provide in situ evaporative cooling for the stack such that separate
cooling plates are not required.  The stack then assumes a substantial temperature gradient
between the air inlet and outlet in contrast to most stack designs where the objective is to
maintain isothermal conditions throughout.  As such, the approach has been described as an
"adiabatic" stack by Argonne National Laboratory for their system modeling efforts.  In
comparison to a conventional pressurized system using reactant humidification and cooling
plates, the near-ambient "adiabatic" stack system is substantially simpler, as illustrated in Figure
7. Another major advantage with near-ambient pressure cathode operation is the lower parasitic
power requirements compared to pressurized operation.  For example, the 30 psig pressurized
fuel cell system operating on hydrogen depicted in the figure requires about 20% of the electrical
power produced to operate the system auxiliaries.  The largest power loss is the air compressor
even though the system runs at an efficient two-times stoichiometric flow at the cathode.  The
situation would be even worse except that an expander is used on the air effluent to recover as
much of the PV work as possible.  This compressor/expander package is becoming a major



technical and cost challenge in fuel cell system design.  Thus, substantial advantages can be
realized by operating the air side at ambient pressure.  We are working on attaining pressure
drops of less than 5" H2O (there are about 28" H2O per psi).  Even such low pressure drops are
important.  If, for example, only two psig is still required to push air through a fuel cell stack at
three times stoichiometric flow, then already about 3% of the stack output power would
theoretically be required for the 2 psig compression requirement (assuming adiabatic
compression).  In reality, a compressor would at best be 50% efficient, so already 6% of the stack
power is required just for a seemingly modest pressure.

One of the major concerns with ambient pressure operation is that much larger stacks would be
needed because of the diminished cathode performance with the low oxygen partial pressure.   In
reality, the stack size with an ambient system should be similar to conventional pressurized
systems when net power yields and system efficiencies are considered. For example, an (ambient
pressure) system with 5% parasitic power losses operating at 0.7 V/cell provides the same net
efficiency as a pressurized 20% parasitic power operating at 0.83 V/cell.  For similar current
densities of about 300 mA/cm2, the ambient cathode stack is thus not any larger and could
conceivably be smaller than the pressurized stack because it does not require the separate cooling
or humidification plates used in the latter.  The auxiliaries should be smaller as well in the simpler
ambient system.  In general, it appears that ambient pressure does not necessarily mean a loss in
performance when the overall system and efficiencies are considered.
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In stationary power applications, the condenser (and fan) could conceivably be eliminated in the
adiabatic stack system if a water supply is available at the site and the system does not need to be
water self-sufficient.  Eliminating the cooling fan would increase efficiency about 1.5% but would
require an effective water de-mineralizer.  Water self-sufficiency and elimination of the fan may
possibly both be accomplished if the condenser is used in a co-generation scheme to pre-heat
water for domestic uses.  The condenser heat exchanger would then most likely take the form of
a conventional tube-and-fin condenser but with the air effluent on the fin side.  This should be



lower cost than the two heat exchange units, a liquid-liquid heat exchanger and a condenser, that
would be required for a conventionally cooled fuel cell system.

Conclusions

Commercialization of home-based stationary power fuel cells will require reliable and
inexpensive components and systems.  Major steps to realizing these criteria can be achieved
with the development of low-cost and reliable bipolar plates, stable and effective CO tolerant
anodes, and near-ambient operating pressures with effective membrane hydration.  If home-
based power becomes a large market, other technologies will certainly be attracted to it.  The
polymer electrolyte fuel cell system will not be able to compete on higher efficiency advantages
alone, it will still need to be as reliable and low cost as possible in order to compete effectively.

Future Work

Further corrosion testing of the more promising alloys is needed to determine if any fuel cell
testing is warranted.  A significant portion of the effort will be expended on the somewhat
different low-cost metal hardware direction briefly described above that is based on recent
interactions with a materials company with unique capabilities.  Very preliminary results appear
quite promising (but may be misleading) for this speculative but intriguing technology.
Otherwise, development of the composite plates and CO tolerant anodes for near-ambient
operation will continue.  Novel humidification and water management issues have yet to be
integrated with Plug Power's efforts but will become a prominent issue in the future.  These tasks
need to be further investigated with or transferred to Plug Power to assist in the development and
fabrication of a 3.5 kW hydrogen-fuelled system for home-based stationary power.  Eventually,
sufficient progress needs to be attained on the reformate fuel issues to allow the development of a
fully integrated natural gas-fuelled system.
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SMALL BATTERY – FUEL CELL
ALTERNATIVE TECHNOLOGY DEVELOPMENT

Mahlon S. Wilson and Christine Zawodzinski
Materials Science and Technology Division, MS D429

Los Alamos National Laboratory, Los Alamos, NM 87545

Abstract

A compelling market segment for the introduction of hydrogen fuel cells is in small battery types
of applications.  While in other applications (e.g. transportation), fuel cells need to compete with
relatively effective and low-cost technologies, batteries are expensive and have low energy
densities.  Even with modest hydrogen storage densities such as metal hydrides, fuel cells can
provide higher energy densities than batteries and the values can increase substantially further
with an increase in the energy to power ratio of the system (which is fixed for batteries).
However, the fuel cells will still have to compete with batteries on reliability and cost.  As such,
the typical polymer electrolyte fuel cell system with its heavy reliance on subsystems for cooling,
humidification and air supply would not be practical in small battery applications.  Instead, the
fuel cell system will ideally be simple, inexpensive, and reliable.  In response, Los Alamos
National Laboratory (LANL) conceived of a novel, passive, self-regulating, "air-breather" fuel cell
stack that requires no moving parts (fans or pumps) and still maintains sufficient hydration of the
polymer electrolyte membrane to provide stable and reliable power.  The Hydrogen Program is
funding the Los Alamos effort in a partnership between LANL and DCH, Inc. to further
technological development and understanding of the air-breather in order to attain a
commercially viable portable fuel cell system.

Introduction

Despite the ever increasing attention and funding that polymer electrolyte fuel cells are attracting,
the technology has not yet managed to become a factor in the two most significant areas of



development, transportation and stationary power.  This may primarily be due to the entrenched
and relatively successful and inexpensive technologies they are trying to displace.  Current
battery technologies, on the other hand, are not entirely satisfactory for many portable
applications due to a number of factors.  Depending upon the particular type of battery, these
factors may include low energy densities, rechargeability and cycle-life issues, stability, cost,
operation temperature, and environmental or safety issues.  As such, the potentially superior
energy densities of fuel cells may provide a competitive advantage in small battery type
applications provided they can satisfy the other relevant criteria of cost, reliability, etc.  Figure 1
compares the specific energies (Whr/kg) of several rechargeable battery technologies with a fuel
cell system, such as the one described here, using hydrogen storage systems of various
gravimetric hydrogen densities.  Some of the more common and more promising battery
technologies are shown in the figure, such as advanced lead-acid (Pb-Acid), nickel-cadmium
(NiCd), nickel metal hydride (NiMH) and lithium ion (Li-Ion).  As seen, even a modest hydrogen
storage capability of 0.5 wt% hydrogen is quite competitive with the battery technologies other
than Li-Ion.  Higher hydrogen storage densities are shown to provide substantially greater
specific energies, especially as the operating lifetime increases.  Since the energy and power
sources are two separate components in the fuel cell system, the specific energy and energy
density of the system increases simply by increasing the hydrogen storage capacity.  In the case
of batteries, the electrodes are both the energy and power sources so the energy densities are
fixed, as depicted by the flat curves for the batteries in the figure.  If the higher hydrogen storage
capacities can be realized in a safe and user-friendly technology, the fuel cell system has a clear
advantage over the battery technologies for applications where longer operating lifetimes are
desirable.
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On the other hand, such portable power applications will still require a combination of reliability,
simplicity and relatively low-cost.  As such, the fuel cell system will probably not be able to



satisfy these criteria if peripherals such as humidification, and cooling or reactant flow fans and
the attendant electronics and controls that are typical of polymer electrolyte fuel cell systems are
required.  Ideally, the system would operate effectively with no active humidification, no active
cooling, and no pressurization or forced flow of the cathode air.  As a consequence, our group at
LANL investigated the possibilities of developing a simple system that was inherently stable and
self-regulating.  The scheme that we arrived at is passive and relies on diffusion limited oxygen
access to maintain a positive water balance.  The oxygen in the air must diffuse into the stack
from the periphery of the flow-field plates.  For this reason the stack is often described as "air-
breathing."  Given that the oxygen must diffuse in, twice as much water (as there are two
molecules formed per O2 that reacts) must diffuse out to maintain an even balance.  While it first
appears that a surplus of water is obtained, the fuel cell stacks quickly heat up and the water
removal is greatly facilitated. Overall, the balance remains fairly even such that the polymer
electrolyte membranes do not dry out, even at relatively high continuous operation temperatures
(+70�C).  Thus, the diffusion supply scheme results in simple stacks with reliable and stable
performance.  A unique fuel cell stack geometry is used to optimize the diffusion limited
configuration as well as to greatly simplify the configuration.

Discussion

Air-Breather Fuel Cell Stack Scheme

Since the oxygen needs to diffuse in from the periphery of the cathode flow-field plate, the fuel
cell assumes the unique configuration shown in Figure 2 that utilizes circular flow-field plates
with an annular hydrogen feed manifold and a single tie-bolt extending up through the central
axis of the stack.  With this geometry, the hydrogen supply to the unit cells is radially outward,
and the air supply is from the periphery inward.  This configuration has several advantages.  The
entire periphery is free to air access and allows greater heat conduction to enhance cooling and
the diffusion path lengths are minimal for both the hydrogen from the annular region and the
oxygen from the periphery.  Furthermore, all of the components in the stack (e.g., the flow-fields,
seals and membrane/electrode assemblies), are radially symmetrical, so part fabrication is simple
and the entire system is potentially low-cost.  The use of a single tie-bolt decreases the footprint
and helps provide a configuration that is compact and lightweight.  All that is needed to operate
this type of fuel cell stack is a low pressure hydrogen supply that can be provided from a
pressurized source via a low-pressure regulator.
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Figure 2 - Configuration and key components of a unit cell in an air-breather stack.

The unit cells are typically 2" (5.1 cm) in diameter with active areas of about 13 cm2.  End-plates
compress the collection of unit cells together with the use of the tie-bolt projecting up through the
middle.  Jacketing the tie-bolt is a porous, hydrophilic, channeled sleeve that provides alignment
for the unit cell components and serves as a conduit for the hydrogen to reach the inner edge of
the hydrogen flow-fields.  Hydrogen feed is dead-ended, although provision is made for an initial
purge.  The reactant flow-fields are typically reinforced carbon paper (e.g. Spectracarb, from
Spectracorp, Lawrence, MA).  Seals are located at the inner edge of the air flow-field and the
outer edge of the hydrogen flow-field.  The flow-fields bracket the membrane/electrode assembly
(MEA), which consists of a catalyzed polymer electrolyte membrane from W. L. Gore & Assoc.
sandwiched between two gas diffusion backings from E-TEK (Natick, MA).  The W. L. Gore
MEAs used here are quite thin (ca. 20 µm) and the catalyst layers tend to take up a substantial
amount of water.  These factors result in improved hydration and performance under the
relatively difficult operating conditions.  Stainless steel foil separators, that are typically 0.010"
(0.25 mm) thick, prevent the reactants in the back-to-back flow-fields from mixing.  In multi-cell
stacks, the separators are of a larger diameter than the flow-fields to provide cooling fins, which
gives the stack the appearance of a finned tube.

When the cells are stacked, not only do the structures heat up more but water accumulation in the
annular region actually becomes a problem.  Since the hydrogen supply is dead-ended,
condensate can collect undisturbed and block the hydrogen from accessing the cells furthest from
the hydrogen supply.  The accumulation can be prevented by introducing a wicking material in
the annular region that draws the condensate away from the downstream cells (Wilson and
Neutzler 1997).

Not surprisingly, cell performance is substantially affected by the thickness of the cathode flow-
field because oxygen must diffuse in from the periphery through this structure.  While the thicker
flow-fields provide high powers at low temperatures, too much water is lost at higher
temperatures.  Since under continuous operation a multi-cell stack naturally runs much warmer
than a single cell (ca. 60�C vs. ca. 30�C), flow-fields that are too thick allow the cells to dry out.



Computer modeling simulations of the water vapor concentration profiles anticipate the trade-off
between cathode flow-field thickness and stability.  For example, it is predicted that a significant
portion of the active area is still water vapor saturated at 60�C with 1.5 mm thick flow-fields, but
with a 4.5 mm thick flow-field, water vapor saturated conditions are not achieved anywhere
within the cell even as low as 50�C ( Neutzler 1995).  Thus, as is observed in the laboratory,
stacks with the excessively thick flow-fields become unstable and dry-out as they heat up.  Three
millimeter thick flow-fields appear to provide a compromise between stability and output.
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Figure 3 depicts polarization curves for two continuously operating 8-cell stacks using either 1.5
or 3 mm thick cathode flow-fields at an ambient pressure of 0.76 atm (the laboratory is at an
altitude of 7,300 ft or 2,250 m).  The 4.5 mm thick example is not shown because the stack dries
out when operated continuously at 5 V, much as predicted by the computer simulations.  The
figure illustrates that the 3 mm thick flow-fields provide more power than the 1.5 mm as well as
sufficient stability (Wilson et al. 1996).

Utility of the Air-Breather Fuel Cell Stack

In many applications, a stable fuel cell power supply may be desirable.  Figure 4 depicts the
voltage output of an 8-cell air-breathing stack operating on a commercial portable metal hydride
canister (a BL-30 from HCI, Inc., Littleton, CO) at a constant current of 1 A.  After running
continuously for some time at 5 V on test station hydrogen, the cell is switched over to the
hydride canister at t = 0.  As shown in the figure, the fluctuations about 5 V are quite small
running on the hydride cylinder for the first  5 - 6 hours, at which point the hydrogen supply
diminishes and the cells start becoming starved for fuel.
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Another factor of consideration is the rapidity with which sufficient power for the application can
be attained.  A certain amount of warm-up is required of the air-breather before the maximum
power is attained.  If initially, however, a short pulse of high power is required for start-up of the
device, the fuel cell can often supply the required power pulse right off because of the extra
oxygen in the flow-fields of an idle stack.  For example, we have run a computer laptop off of
two 10-cell stacks.  The greatest power draw of the laptop is right at the start when the hard drive
and other circuitry powers up to speed.  Normally, the cells would need to be warmed up to
provide this level of power, but the laptop can still be started with cold cells because of the
second or so of power surge that can be provided.  Once the diffusion limiting oxygen profile is
re-established the power quickly drops back to that which is normally anticipated and starts its
climb as the system warms-up.  Figure 5 shows how quickly an 8-cell stack can recover from idle
under a number of different circumstances.  The brief initial power surge described above is not
depicted.  Three of the curves depict the response after the cell has been shut-down and
disconnected from hydrogen for 1, 3, and 16 h.  A large part of the lag appears to be due to the
time required for hydrogen to displace and diffuse through the air in the annular region upon
restart.  In this case, the hydrogen pressure is about 5 psig.  Quicker responses can be obtained
using higher pressures, or, as also shown in the figure, a purge of a second or two substantially
increases the initial rate of recovery.  If the brief purge is combined with electrically shorting
across all of the cells of the stack for a second or two, the cell rapidly recovers, as is shown in
Figure 5.  The exact reasons for the quicker response are not clear but it may be a combination of
heat and water formation and contaminant removal.
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Commercial Design and Development

Improvements in the design and performance beyond that described above are desirable to
facilitate DCH, Inc.'s efforts to commercialize the technology.   Many of the details are
proprietary, but for one example, a primary objectives of the redesign was to replace or eliminate
the porous channeled sleeve depicted in Figure 2.  This component is relatively expensive,
requires post-machining to provide the channels and the proper inner diameter, and is a relatively
soft material that was not particularly effective in assuring the proper alignment of the separator
plates and flow-fields.  Several approaches are feasible, DCH is using a scheme that is
advantageous for production and LANL is using individual "hubs" for each separator plate that
provide alignment, hydrogen flow, wicking passages and also facilitate disassembly for swapping
out components.  Another subtle alteration is in making the diameters of all of the separator
plates uniform such that there is a short fin per cell rather than the alternating large fin / no fin
arrangement previously used.  The change does not appear to affect performance and also
decreases the footprint as well as the number of different parts required.

The investigation of alternative materials is of substantial concern and is motivated by either
broadening the supplier base or to lower part costs.  Figure 6, provided by DCH, Inc., illustrates
the relative costs of the air-breather components at nominal levels of production.  As can be seen,
the cost of the MEA material dominates and hence is of primary concern and significance.
Unfortunately, the potential alternative materials that have been tested do not provide as high
performance and in one case the product line has been discontinued.  High MEA and GDE (gas
diffusion electrode) costs is a problem that has long stymied polymer fuel cell development for all
applications.   At this point, there is little competition for the MEA and GDE suppliers and



production is still at a modest scale so high costs will probably be a factor until more competitors
emerge and/or the size of the market increases substantially.
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Figure 6 - Cost Breakdown for Air-Breather Stacks (from DCH, Inc.)

While not particularly expensive compared to the MEAs and GDEs, alternatives to the porous
flow-field material could still make an impact on costs and ease of assembly.  One early exercise
considered replacing the porous material with rigid conductive plates with cross-hatched air flow-
field channels in place of the porous flow-field.  In principle, such a structure could eventually be
molded with O-ring grooves and other features at a relatively low cost.  However, the
performance of a 12-cell stack with such plates was quite poor and erratic.  Apparently, some free
convection was occurring in the channels contributing to the instability and drying out of the
MEA.  Also, the limited oxygen access to the MEA in those regions over the flow-field islands
limited even the baseline performance compared to the uniform access provided by the porous
material.  Although the results were poor, the experiment validated the importance of the
diffusion-based reactant / water management approach.

Conclusions

The best opportunities for the meaningful commercialization of fuel cells should exist in the most
forgiving markets where current technology is relatively expensive and is perceived as
inadequate.  While many small battery type applications meet these criteria, the fuel cell
technology will itself need to be robust, reliable, sufficiently low-cost and versatile.  As such, the
passive, self-regulating, "air-breather" fuel cell stack has advantages over most traditional polymer
electrolyte fuel cell systems in that it fundamentally requires no auxiliaries (other than a hydrogen
supply) and still maintains sufficient hydration of the polymer electrolyte membrane to provide
stable and reliable power.  The performance and utility of the diffusion limited flow-field
approach integrated into the circular unit cell geometry has been demonstrated with modest sized
units.  In conjunction with DCH, stack design improvements and packaging development should
create a viable commercial fuel cell product



Future Work

Future work entails the continuing investigation of lower cost stack fabrication methods and
materials.  The issues involved with scaling of the air-breather stacks to higher power levels will
also be explored.  These issues involve the thermal gradients and hydrogen supply effectiveness
using the longer structures.  The build-up of inerts in the hydrogen may become more
pronounced with the additional membrane surface area.  Strategies that have been formulated to
combat these problems need to be tested and refined.  One general approach is to tolerate the
inert build-up but disturb the stagnant diffusional barriers.  Another is to monitor the build-up
using sensors and perform purges as and if needed.  DCH has licensed and successfully
commercialized state of the art hydrogen sensor technologies including the Robust Hydrogen
Sensor (RHS), from Sandia National Laboratories.  This technology will be used as a starting
point to integrate hydrogen sensors into a fuel cell stack control and safety system as many
potential applications require some level of remote status monitoring and operability or safety
assurance.

The packaging of the otherwise stand-alone stacks will need to be explored on a basis of intended
applications, cost allowances, sophistication of the control and power modulation electronics, etc.
Options range from simple housings that cloak the stack to integrated modules where hydrogen
supply, electronics, and the the air-breather stacks are all integrated.  Ideally, such enclosures can
be designed such that the various elements are integrated in a symbiotic manner that maximizes
system effectiveness.

The major programmatic objective for DCH and LANL for the first year is to design, fabricate
and test 50W modular air-breather fuel cell stacks incorporating RHS technology for hydrogen
monitoring and feedback control.  Next year, the target is to package the most successful 50 W
stack and system designs into 300 W modules that provide user selectable voltages or currents
depending upon the desired applications.
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INTEGRATED, RENEWABLE HYDROGEN UTILITY SYSTEMS
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Abstract

The objective of this project is to establish the means of deploying renewable, hydrogen, utility
power systems in isolated locations.  The method is to develop the design and analysis tools,
build a test system and build a full prototype system, as pathfinders for taking advantage of the
ability of hydrogen to store large amounts of intermittent energy in a dispatchable and cost
effective way.  The expected location of the prototype system is in Kotzebue, AK, because the
village has a remote, yet growing wind farm, and realistic loads and environmental conditions.
This project goes past the use of fuel cells, or internal combustion generator sets, and fossil fuels
in utility applications, and leads towards the long term us of hydrogen as a storage buffer for
utility energy.  Systems integrated to do this are significantly more complex than the linear
systems, which will use reformed fossil fuel and fuel cells.  This complexity creates a design and
control challenge, but also offers several coupled parameters for optimization of the design and
control methods. Our objectives include developing and experimentally testing the best methods
for optimized design and control of realistic integrated, renewable, hydrogen power systems.

Introduction

Hydrogen is one of several candidates that can be used as a utility energy storage medium in
non-grid applications.  Examples of storage mediums include batteries, pumped hydroelectric,
flywheels, compressed gas, and zinc or halogen electrochemical systems.  As part of this project,
the tools that will to analyze hydrogen storage systems will also analyze the cost and
performance expectations of all the other potential energy storage systems.   For any application,
there can be an optimum method of energy storage.  That optimum should be chosen on basis of
cost and performance, and that criteria will most likely change for each storage medium as the
cost and performance parameters for them evolve over time.   The general format for these
systems is depicted in Figure 1, with the options for components from source to load.



Figure 1 -  Source, Process, Storage and Load Options for Remote, Renewable
       Power Systems

In remote, renewable energy systems the energy storage medium is required to buffer the
intermittency of, and phase differences between, the time varying renewable resource and the
load.  As in the application of any new advanced technology, the use of hydrogen as a storage
medium will have its earliest market in high-value applications, where electricity values are high,
such as for premium power or in niche applications in isolated locations.

The storage element of hydrogen systems is more complex than, either battery storage systems or
fossil-fueled fuel cell systems.   For a battery system, the battery is both the energy storage and
the power input and output element.  In a fossil fuel system, there is one energy storage element,
the fuel storage, and one power element, the internal combustion generator set, or the fuel cell,
reformer set.   A hydrogen energy storage system is comprised of an input power electrolyzer, a
hydrogen storage vessel and compressor, and an output internal combustion engine generator or
fuel cell.  Single-component systems such as batteries cannot separate the power and energy
elements for optimization, and fossil-fueled systems still require a fossil fuel delivery
infrastructure to remote locations.  A hydrogen system permits optimization of input and output
power and energy storage elements for any given application and, ideally will never require a
fossil fuel delivery infrastructure.
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We have included the option of hydrogen fueled, optimized internal combustion (ICE) generator
sets as a possible choice for the output power element, because can currently be significantly less
expensive than a fuel cell.  Optimized, ICE generator sets have been considered for several years
as a transition power plant for the fuel cell.  The can have similar efficiency and emission
performance as a fuel cell, and can currently be significantly less expensive.   However, there are
still no manufacturers of ICE hydrogen generators, and the performance and cost of fuel cells is
evolving rapidly.   As a result, we expect that over the next decade the output power element for
hydrogen systems will shift towards fuel cells almost exclusively.

Project Description

This project is made up of two phases.  This report summarizes the activities of the first phase.
Phase One has three primary objectives:

1. To develop models that are specifically designed to optimize hydrogen storage systems
for remote renewable applications.  These models will also used to compare hydrogen
systems with all other storage systems and to permit the rational ways to select the best
system for a given application.   The models will be used to optimize the system design
for a specific application, and once designed, will be used to optimize the control of a
system to provide the most reliable and lowest cost electricity to the customer. Models
are yet to be developed for optimization of design and control of a hydrogen system.
DRI is developing these models and relating them to current models for similar
systems.  DRI’s  models will be an integration of new work with appropriate, existing
models for isolated power systems.

2. To design, purchase and construct a small scale, complete hydrogen renewable energy
system.   Such system would be designed and sized appropriately to test out any design
and control models and methods in a realistic system.  This will allow us to understand
the implications of design, control and interface issues.

3.  Design and cost-out a complete prototype system for a remote village in Alaska.   Such
a system would be finalized, purchased and installed in the second phase of this project.

Status of Economic Evaluation/Systems Analysis

We needed a robust, simulation software system for this analysis activity.  For the project, we
must be able to model the behavior of the individual components of a system as well as their
complex interactions.   Any simulation platform software that we use must also be able to model
electrolyzers, hydrogen storage and fuel cells directly.  With this is our criteria, we chose
TRNSYS as the system simulation software platform on which to base our models.

Before selecting TRNSYS, we considered other pre-existing, similar software packages such as
HOMER, of ViPOR and HYBRID2.  HOMER  is designed to determine optimum system



configurations, but it is not able to model the behavior of individual components of the system
and their complex interactions. ViPOR is primarily focused on optimizing a grid layout.
HYBRID2 can approximate the operation of our renewable hydrogen system and examine the
behavior of individual components over time, but it currently models only wind, PV, diesel, and
battery systems and is not capable of modeling electrolyzers, hydrogen storage, or fuel cells
directly.

We have recently begun the full economic evaluation and systems analysis.  Some examples will
be shown later in this report.  Early trade studies have shown that the system cost can be reduced
with the addition of standby fuel or power.   This can be a separate diesel generator, or fuel
supply and reformer connected to the system fuel cell.  Operation of the standby power is not
necessary, but as an option, it softens the engineering constraints on the full system.

Small Scale, Complete Hydrogen Renewable Energy System

To test our, and other models, we have designed and purchased a complete small-scale,
renewable, hydrogen, fuel cell development power system.  This effort was done entirely on
university funds.  It includes two 1.5 –kW wind turbines, 2 kW of solar PV on trackers, a 2-kW
PEM fuel cell stack, a 5-kW unipolar electrolyzer, a hydrogen storage tank and compressor, a 5-
kW computer-programmable load, a data acquisition system and a computer-based control
system with analysis software.  Because output power the system is sufficient to power the
average home, we are naming this system a residential-scale, renewable fuel cell power system.

All of the components for this system were purchased in early FY 99, but construction of the
system was delayed until June 1999 because of long delays in construction of the DRI Northern
Nevada Science Center, which is the laboratory where this system will be used.    The wind
turbines have been installed on 80-foot tall towers and are operational.  The rest of the system is
expected to be completed in late July 1999.  The wind turbines have an anemometers associated
with them and the solar panels will have pyrenometers so that the system performance can be
related to the actual input of solar and wind power.

Separate, high-current power lines from each of the two solar arrays and each of the to wind
turbines will run into the laboratory so that any combination of renewable resource can be
connected to the power control system.

Prototype System for a Remote Village in Alaska

DRI is exploring the opportunity to install a renewable hydrogen power system for practical use
in Kotzebue, Alaska with the Kotzebue Electric Association (KEA).   The concept of a remote
hydrogen renewable power system in Alaska, and the motivation for such a system was
developed in 1993 and is described in several documents.   Some of the motivations are:

Alaska has about 200 separate utilities, 95% of which use delivered diesel fuel.
Power costs outside the large Alaskan cities is $.25 - $1.00/kWh.
Federally mandated cleanup of diesel fuel sites is estimated above $700M.



The technologies necessary for an integrated renewable hydrogen power system are
available, and close to the costs needed for full economic use in remote applications.

KEA has installed ten 65-kW wind turbines to offset then consumption of diesel fuel.  Three
have been operating for over a year, seven more were recently installed.  Kotzebue exhibits the
characteristics of numerous worldwide remote communities where integrated renewable energy
is yet to be deployed.  It has an operating and abundant renewable wind source.  There is a well-
staffed and trained workforce and physical resources in KEA.  The Village of Kotzebue has at
least one commercial load that has agreed to become isolated from the local grid to test our
system under real conditions.

A team of representatives from DRI and DCH Technology met and worked with the Kotzebue
Electric Association (KEA), local permitting authorities, and other Alaska entities.  We have
derived the plan to integrate a 20-kW hydrogen power system with the output of three 60-kW
wind turbines and a local utility load.  Initial design and options are done and are described in the
following figures and tables.

The figures show two of several different examples of system designs for remote Alaska.  In the
first example, shown in Figure 2, the complete hydrogen storage power system is geographically
located at the wind turbine site, which is approximately three miles from the village.  Adjacent to
the wind turbines, is the transmitter for the local commercial radio station KOTZ whose power
requirements are approximately 14 kilowatts.  In this system a 20 kW fuel cell is used to power
the transmitter and heaters used periodically to maintain temperature within the transmitter
shack.  The electrolyzer will draw power from the equivalent of three wind turbines and
proportional to the amount to wind driving the turbines at any time.   This design would be the
equivalent of a self contained, remote, renewable power system using hydrogen storage
supplying a variable utility load.

   Figure 2 – Isolated hydrogen, fuel cell power system for radio transmitter site
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In the second example, shown in figure 3, the hydrogen production and storage is located at the
wind turbine site and a fuel cell is located in the village.  A small low-pressure gas line carries
the hydrogen from the storage site fuel cell in the village.  This system uses the lower
incremental infrastructure cost of a hydrogen gas line to transmit power from its production
location to its point of use.

 Figure 3 – Renewable hydrogen, fuel cell power system with hydrogen
transmission

The use of a fossil fuel storage system, such as propane and a performer to soften be design
requirements on the system is not employed in each year of these two examples.  Instead, in
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simulate the use of a standby fuel reservoir and a reformer attached to the fuel cell.

Costing of System Options

 Cost estimates for the installation of these two system configurations as well as other systems
work performed and are shown on Tables 1 and 2.   Two significant variants that we show in
Table 1 are the cost of the fuel cell and the amount of hydrogen storage capacity.  For a 20-kW
fuel cell stack, we have found that for the same performance the price varies from manufacturer
to manufacturer from $60,000 to $400,000.   The hydrogen storage system cost varied based on
two things, a fuel cell efficiency variation between 40% and 50%, and a variation in storage time
from 10 days to 88 days.
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Table 1 - Kotzebue Alaska Renewable Hydrogen Power System

Electrolyzer  (180 kW) 410,000 410,000 410,000 410,000 410,000
Fuel cell  (20kW) 60,000 400,000 200,000 60,000
Fuel cell BOP 24,000 24,000 24,000
     Storage tank volume  (gal) 30,000 30,000 60,000
     Storage tank quantity 2 6 6
     Total storage volume (gal) 60,000 180,000 360,000
Total storage tank cost 59,200 177,600 363,600
Controller and DAQ 15,000 15,000 15,000
Power electronics 70,000 70,000 70,000
Inverter 18,000 18,000 18,000
Compressor 7,000 7,000 7,000
Shipping electrolyzer 2,000 2,000 2,000
Shipping storage tanks 3,000 9,000 9,000
Shipping fuel cell 800 800 800
Shipping compressor 600 600 600
Site preparation 12,000 12,000 12,000
Fuel cell shed 10,000 10,000 10,000
Water processing equipment 45,000 45,000 45,000
Controllable resistive load (6 kW) 7,000 7,000 7,000
Switch out system at load 8,000 8,000 8,000
Storage batteries 1,000 1,000 1,000
H2 line to town 12,000 12,000 12,000
System final design w/Arctic engr 65,000 65,000 65,000
System safety and permitting 22,000 22,000 22,000

System component subtotal $1,191,600 $1,116,000 $1,255,900

Project total  
(less cost share)

$918,600 $1,183,000 $1,229,000

System performance
Fuel cell system efficiency 0.40 0.40 0.50
Average load power consumption (kW) 18.00 18.00 18.00
Longest possible storage time (days) 9.46 28.37 88.65

There were several other option studied with significant differences in system cost.  One of those

of Kivalina, Alaska. Kivalina has a 120-kW average load, and is currently powered by diesel
generators.  Recently the village of Kivalina elected to move the entire village and power system

Kivalina is in a very good wind regime, so we looked at the possible cost of a completely
autonomous, non fossil power system for the village.  In this case, since there are no pre-existing

the entire town can be powered with wind energy and a hydrogen fuel cell with the system cost
that adds approximately 20% to the cost of the move of the village.



Table 2 - Kivalina Alaska Renewable Hydrogen Power System

Wind farm 4,000,000 4,000,000
Electrolyzer  (1080 kW) 2,460,000 2,460,000
Fuel cell  (200kW) 600,000 1,000,000
Fuel cell BOP 75,000 75,000
     Storage tank volume  (gal) 30,000 30,000
     Storage tank quantity 20 20
     Total storage volume (gal) 600,000 600,000
Total storage tank cost 592,000 592,000
Controller and DAQ 125,000 125,000
Power electronics 170,000 170,000
Inverter 180,000 180,000
Compressor 17,000 17,000
Shipping electrolyzer 2,000 2,000
Shipping storage tanks 30,000 30,000
Shipping fuel cell 2,000 2,000
Shipping compressor 600 600
Site preparation 100,000 100,000
Fuel cell shed 10,000 10,000
Water processing equipment 85,000 85,000
Controllable resistive load (6 kW) 15,000 15,000
Switch out system at load 8,000 8,000
Storage batteries 10,000 10,000
H2 line to town
System final design, incl. Arctic engr 165,000 165,000
System safety and permitting 55,000 55,000

System component subtotal $8,701,600 $9,101,600

Project total  Includes labor, travel
(less cost share)

$9,796,600 $10,196,600

System performance
Fuel cell system efficiency 0.50 0.50
Average load power consumption (kW) 120.00 120.00
Longest possible storage time (days) 17.73 17.73

Summary

 Existing models for remote power systems were studied, and the modeling package TRNSYS
was purchased.  It is being modified for use with remote hydrogen, fuel cell power systems.
Early estimates in system design and cost show that it is reasonable to consider hydrogen and
fuel cell or internal combustion power systems for remote communities in Alaska and elsewhere.



A complete residential scale system has been purchased and is currently being installed at the
DRI Northern Nevada Science Center location in Reno, Nevada.  This system will be used to test
models and control systems for future isolated renewable power systems.
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Figure 1.  Source, Process, Storage and Load Options for Remote, Renewable Power Systems.

Figure 2.  Isolated hydrogen, fuel cell power system for radio transmitter site

Figure 3 – Renewable hydrogen, fuel cell power system with hydrogen transmission
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INTEGRATED RENEWABLE HYDROGEN UTILITY SYSTEM

Robert J. Friedland and A. John Speranza
Proton Energy Systems, Inc.

Rocky Hill, CT  06067

Abstract

This paper describes the progress of Proton Energy Systems, Inc. (Proton), as of May 31, 1999,
on the implementation and analysis of an Integrated Renewable Hydrogen Utility System
currently being deployed under a cooperative agreement with the Department of Energy (DOE).

The goal of this project is to demonstrate a pathway to a sustainable energy system using a
Proton Exchange Membrane (PEM) hydrogen generator coupled to a SunDishTM system.  The
SunDish system generates electricity during daytime operation by concentrating solar energy
into a Stirling external heat engine.  The hydrogen generator generates and stores hydrogen
during daytime operation and feeds the hydrogen into the Stirling engine to generate electricity at
night or on cloudy days.  The system is being installed at the Ocotillo Power Plant owned by
Arizona Public Service in Tempe, Arizona.

Since the inception of the program on April 15, 1998, Proton has worked closely with its’
partners, Science Applications International Corporation (SAIC), STM Corporation (STM) and
Arizona Public Service (APS) to coordinate the installation of the SunDish and the PEM
hydrogen generator.  All of the components of the system were installed during the last week of
May of this year.

Approach

The approach for the project is to link proven technologies that are on the verge of commercial
availability to provide for a system that is capable of providing power for off-grid and/or select
on-grid applications requiring 25 kilowatts (kW) of power.  The system is comprised of four key
elements, which include a PEM hydrogen generator, a carbon steel storage tank, a solar



concentrating dish, and an external heat engine.  These units are being integrated to provide a
pathway to a completely renewable and sustainable, hydrogen based utility system.  Unlike many
Phase I programs, Proton has elected to install full scale hardware combined with the typical
business plan analysis.  This approach allows for a quicker, and more cost effective, commercial
penetration strategy.  The ability to field working hardware and minimize cost for the phase I
activity is made possible through the collaborative efforts of two DOE programs.  The SunDish
fabrication and installation costs are part of a cooperative agreement with the DOE solar
program, and the hydrogen generator and storage system costs are part of a cooperative
agreement with the DOE hydrogen program.

PEM Technology

To date, PEM electrolysis technology has shown unquestioned reliability with over 1 million cell
hours in critical submarine life support applications for the U.S. and U.K. Navy.  In fact, PEM
electrolysers have replaced alkaline electrolysers as the preferred method of gas generation
aboard new submarines.  PEM has also made forays into commercial markets.  Over 20,000 lab
scale hydrogen generators (125 cc/min – 500 cc/min) have been sold commercially to service the
gas chromatography industry, and the market share of PEM has made steady gains on the current
alkaline based market share leader.

In application after application, PEM technology is fast becoming the preferred choice amongst
electrolysis alternatives.  A significant reason for that fact is the dramatic efficiency gains of
electrochemical compression versus traditional mechanical compression.  Do to the physical
characteristics of alkaline electrolysers, gas can only be generated at differential pressures of
approximately 30 psi.  Higher pressure can be achieved as long as the alkaline system is pressure
balanced, but that adds the immediate complexity of high pressure hydrogen as well as oxygen.
Therefore, mechanical compression is typically utilized for pressurizing the required hydrogen
gas, and these compressors are inherently expensive, unreliable, and require a large amount
electricity to operate (Cox 1996).  Moreover, there are limitations in the discharge temperature,
which means that compression ratios are considerably lower than conventional compressors, and
specialized designs are often required to guard against leakage past the pistons.  Conversely, the
nature of PEM technology allows for the membrane to be used as a method of facilitating
electrolysis as well as a method of internal differential pressure generation.  The technology has
demonstrated differential pressure generation of 3000 psi in historical applications without any
means of mechanical compression.  Furthermore, the energy increment required to increase the
pressure capability of a PEM electrochemical cell is phenomenal.  Increasing the pressure output
of the cell by one order of magnitude results in a voltage rise of approximately 30 mV per cell
due to the Nernst effect.  This fact coupled with the dramatic decrease in system maintenance
and a reduction in the number of moving parts has helped advance PEM electrolysis into new
technologies and markets.

The Hydrogen Generator

The HOGEN (Hydrogen-Oxygen GENerator) produces hydrogen gas at a rate of 300 standard
cubic feet per hour (SCFH), at a hydrogen pressure of 150 pounds per square inch (PSI).



Oxygen is generated at ambient pressure and vented.  The generator is a fully integrated,
automated, weatherized, site-ready package capable of producing gas at a purity of 99.999%.
The generator monitors the pressure level of hydrogen gas in the storage tank and automatically
refills the tank as required.  Due to the nature of PEM technology, gas is produced with only
water and trace air gases present.  The system is designed to adjust to variable power loads and
has rapid on/off capability.  Furthermore, because the electrolyte is solid, there are no caustics in
the system.  The generator is a standard commercial product offered by Proton usually sold into
industrial applications such as heat treating and semiconductor fabrication.

The generator installed in Arizona is the standard product described above with an evaporative
cooler and water cooled power supply being used to adapt to the high temperature conditions at
the installation site.  The generator is programmed as a tank filler.  It continuously monitors the
hydrogen pressure in the storage tank and will go to an idle mode when the tank is at the desired
pressure of 150 psi.  As the tank is discharged into the Stirling engine, the generator monitors the
pressure and turns back on when the pressure reaches 100 psi.  The unit operates unattended and
has been installed with a remote monitoring package in the control room at the power plant.  The
software monitors all of the conditions and parameters on the generator and shows any warnings
or shutdowns.  Proton has trained APS personnel on how to do routine maintenance and basic
troubleshooting of the system.

The Hydrogen Storage Tank

The hydrogen storage tank installed in Arizona is a standard product offered by Trinity
Industries, Inc. for the storage of gaseous hydrogen at pressures below 250 psi.  Dimensionally,
the tank is seven feet in diameter and is 26 feet long with a capacity of 6,565 gallons of water
volume.   The current Department of Transportation guideline concerning the safe handling and
storage of hydrogen was consulted to ensure the proper tank was selected for this particular
application.  In addition to the Department of Transportation guidelines, NFPA 50-A was also
used to ensure the safe operation of the storage tank and generator combination at the site.

The capacity of the storage tank is such that at a storage pressure of 150 psi the system can
deliver 610 kWh of stored energy to the STM engine for conversion back to electric power when
needed.  Assuming engine efficiencies of 30-40%, that translates to approximately 8 hours of full
power (25 kW) run time.  Alternatively, if the hydrogen generator were delivering gas at 250 psi,
the equivalent energy storage would be 1175 kWh.  Again, assuming engine efficiencies of 30-
40%, the full power run time of the engine increases to approximately 19 hours.  Our Phase I
business plan will show that this low pressure hydrogen storage tank allows for an inexpensive
energy storage system in comparison to a battery system with equal energy storage capability.
Due to a battery systems high cost, both capital and maintenance, the 10 year life cycle cost of a
battery system is almost four times more expensive than the hydrogen system.



Figure 1 – Hydrogen Generator & Tank Installed in Arizona

The SunDish

The SunDish is an economical, viable way to generate renewable electricity using solar energy.
The unit is a modular, self-contained power system, approximately 50 feet in diameter and
requires no external cooling.  The system utilizes concentrated solar power during the day and
other gaseous fuels at night or on cloudy days.  The SunDish provides up to 25 kW of electricity.
The engine has demonstrated performance and fuel efficiency equivalent to a diesel engine, NOx
emissions, which are approximately 75% lower than diesel emissions and a noise output
significantly less than diesel engines.

Figure 2 –SunDish System Installed in Arizona

The system is a marvelous fusion of advanced technology and incisive simplicity.  The engine
itself is about the size of a four cylinder automobile engine.  The concentrating solar power heats
the tubes of the engine’s heater head and the enclosed working gas inside these tubes.  The gas
expands from the heat and is routed to the four double-acting pistons of the STM engine.  As the
pistons work up and down, they operate a specially designed swash plate that converts the



reciprocating motion of the pistons into rotating motions for the driveshaft.  The swash plate
varies the stroke, which provides a very fast power control with low losses at partial as well as
full load.  The generator is mounted directly to the STM engine and provides 25 kW of
electricity.  The cutaway section shown below depicts the basic inner workings of the heat
engine.  The specifics on the fuel combustion system are proprietary and are not shown in detail.

Figure 3 – Cross-Section of Stirling Heat Engine

Project Status

The SunDish had been installed at the Pentagon in Washington D.C. and successfully operated
for over six months.  It was transferred to the APS facility in Tempe at the beginning of this year
and has operated on and off for over four months.  The engine delivered with the dish had a
burner designed and proven to run on natural gas.  In order to run on hydrogen, one part of the
burner was changed to a higher temperature alloy to accommodate the higher flame temperature
that hydrogen has over natural gas.  The modified burner was installed into a different engine
and can now run on either hydrogen or natural gas.  The engine was successfully tested and was
swapped out with the engine on the SunDish system on May 24, 1999.

The hydrogen generator was installed at the APS site on May 24, 1999 and began to fill the
storage tank with hydrogen that same day.  The unit is designed so that installation and startup
can be accomplished in less than four hours.

The integration of all of the pieces of equipment was originally scheduled to be completed by the
end August of 1998.  Contract issues on the SunDish program coupled with a longer than
planned test period at the Pentagon in Washington, D.C. delayed the installation of the dish by
six months.  In addition, the SunDish contract specifies that their system must complete a 50
hour hands off test before the dish can be integrated with the generator and allowed to burn the
hydrogen from the storage tank.  On May 26, 1999 a test readiness and safety review meeting
was held at the APS facility.  The system was deemed safe to run on hydrogen pending the
completion of the previously mentioned test.  It is anticipated that the system will be fully



operational during the month of June.  In the meantime, the hydrogen generator will be exercised
by continuous fill and drain cycles on the hydrogen storage tank.

In addition to the hardware portion of the program, a business plan that describes the market
outlook and projections for commercialization of this activity is being developed.  Crucial to that
plan is the performance data of the fully integrated system as well as the individual components.
The business plan will be submitted by the end of the 1999 fiscal year.

Conclusions

Over two billion people around the world lack electric power (Ogden 1996).  In some countries
like China and Africa over 50% of the populations are without this critical utility.  Proton has
established a framework of proven technologies that can provide electricity to these regions in a
technically simple system, and at a price that the program intends to prove is reasonable.

This integrated utility system offers a unique flexibility based on its energy storage capability
and built in energy conversion device.  Like most solar systems, energy is produced continuously
at the maximum output condition.  When demand drops off, a solar system typically has nowhere
to put the excess electric capacity.  With the hydrogen generator added to the system, excess
energy can be diverted to the generator to increase production of hydrogen.  Similarly, when
clouds hamper full output of the solar system, hydrogen can be used to augment the output to
bring the system to full capacity.  In essence, the generator acts as a load-leveling device for
continuous power generation.  Furthermore, having the Stirling heat engine on the dish allows
for a “free” energy conversion device for use as required.

While the delays on the SunDish program have caused a substantial slip in the schedule.  Proton
has been able to absorb the delay with no additional cost to the program.  In addition, the
tangible benefits of having a full scale, operating, proof of concept system installed at a utility
has allowed for realization of many of the “real world” issues that arise on installations that are
not always evident in the laboratory.

Plans for Future Work

Proton, in partnership with SAIC, STM and APS proposes to leverage the Phase I activity to
ready the integrated system for commercialization.  This will include several different tasks to be
managed and implemented.

The first task is to take the system characterization data from the Phase I testing and understand
the specific requirements for the hydrogen generation and storage system.  Cost reduction,
pressure capability increase, and system enhancement activities will follow this data analysis.
While the industrial gas products produced by Proton do not require pressures much higher than
150 psi, greater storage efficiency can be achieved by increasing generation pressures to 400 psi
and possible higher.  This pressure increase must be balanced with the possible increased costs of
storage and increased issues of hydrogen embrittlement.  The outcome of this task would be an
appropriately sized generator and storage system with an achievable production cost.



The second task is to do some design modifications to the SunDish system.  Currently, the dish
has been designed to operate attached to an electric grid for control and tracking.  SAIC and
STM have completed preliminary designs to have the dish run in a totally off-grid mode.
Completing this activity and field testing the system are paramount to commercializing the entire
utility system.

The third task planned would be to use the APS installation to implement as many of these
improvements as are practicable, and establish a brand new installation to showcase the next step
toward commercialization.  This new system would most likely be with an additional utility
partner, several of which are discussing the opportunity at this time.

In addition, Proton is looking to stratify the commercial architecture of the utility system to
broaden the potential market opportunity.  It is understood that different types of energy input
and different fuel conversion devices may be more economical in certain applications.  Proton
proposes to study the overall system architecture to enable alternate power sources and energy
conversion devices.  These may include alternate inputs such as photovoltaics, wind or
hydroelectric and other outputs such as fuel cells or other heat engines.  Proton would do
preliminary design work on these concepts including cycle efficiency estimates and limited
testing.
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Abstract

Carbon single-wall nanotubes (SWNTs) are essentially elongated pores of molecular dimensions
and are capable of adsorbing hydrogen at relatively high temperatures and low pressures.  This
behavior is unique to these materials and indicates that SWNTs are the ideal building block for
constructing safe, efficient, and high energy density adsorbents for hydrogen storage applications.
In past work we developed methods for preparing and opening SWNTs, discovered the unique
adsorption properties of these new materials, confirmed that hydrogen is stabilized by physical
rather than chemical interactions, measured the strength of interaction to be ~ 5 times higher than
for adsorption on planar graphite, and performed infrared absorption spectroscopy to determine the
chemical nature of the surface terminations before, during, and after oxidation. We also made
significant advances in the synthesis of SWNT materials by turning to a laser-vaporization method
rather than the arc-generation method employed previously.  In addition, we began to develop
methods to purify nanotubes and cut nanotubes into shorter segments.  This year we have made
further advances in the development of our laser synthesis technique, and we now generate crude
material containing 20-30 wt% SWNTs at a rate of ~150 mg / hr or ~ 1.5 g / day.  In addition we
have perfected a very simple 3-step purification process which results in material that is > 98 wt%
pure which is the purest reported to date.  In conjunction with the purification method we
pioneered a thermal gravimetric analysis (TGA) technique which enables accurate determination of
SWNT wt% contents in carbon soot.    Finally, we have simplified our previous nanotube cutting
technique and have developed a process that allows for highly reproducible cutting of our purified
laser-generated materials.   The new cutting method enables the opening of laser-produced tubes
which were unreactive to the oxidation methods that successfully opened our previously
synthesized arc-generated tubes, and offers a path towards organizing nanotube segments to enable
high volumetric hydrogen storage densities.  Most importantly, this year we have demonstrated
that purified cut SWNTs adsorb between 3.5 – 4.5 wt% hydrogen under ambient conditions in
several minutes and that the adsorbed hydrogen is effectively “capped” by CO2 making it stable for
weeks in atmospheric conditions.  



Statement of the Problem / Relevance of the Work

Background

With the 1990 Clean Air Act and the 1992 Energy Policy Act, the United States recognized the
need for a long-term transition strategy to cleaner transportation fuels (1).  This realization comes
while the U.S. continues to increase petroleum imports beyond 50% of total oil consumption, with
nearly 50% of the total oil consumed being used in the transportation sector (2).  Because of the
potential for tremendous adverse environmental, economic, and national security impacts, fossil
fuels must be replaced with pollution-free fuels derived from renewable resources.  Hydrogen is an
ideal candidate as it is available from domestic renewable resources, and usable without pollution.
It could therefore provide the long-term solution to the problems created by the Nation's
dependence on fossil fuel.

Interest in hydrogen as a fuel has grown dramatically since 1990, and many advances in hydrogen
production and utilization technologies have been made.  However, hydrogen storage technology
must be significantly advanced in performance and cost effectiveness if the U.S. is to establish a
hydrogen based transportation system.  As described in the U.S. DOE Hydrogen Program Plan for
FY 1993 - FY 1997, compact and lightweight hydrogen storage systems for transportation do not
presently exist.

Hydrogen provides more energy than either gasoline or natural gas on a weight basis.  It is only
when the weight, volume, and round-trip energy costs of the entire fuel storage system and
charging/discharging cycle is considered that hydrogen's drawbacks become apparent.  New
approaches enabling more compact, lightweight, and energy efficient hydrogen storage are
required in order for the wide-spread use of hydrogen powered vehicles to become a reality.

Research and development geared towards implementation of a national hydrogen energy economy
has many indirect economic benefits.  With almost 600 million vehicles in the world in 1992 -
double the number in 1973 - the conflict between energy requirements, power generation, and
environmental concerns is felt on a worldwide basis (3).  Thus, in addition to providing domestic
energy alternatives, investment in hydrogen energy research will result in opportunities for U.S.
technologies in over-seas markets.

Currently Available Hydrogen Storage Technologies

Hydrogen can be made available on-board vehicles in containers of compressed or liquefied H2, in
metal hydrides, or by gas-on-solid adsorption.  Hydrogen can also be generated on-board by
reaction or decomposition of a hydrogen containing molecular species (4).  Although each method
possesses desirable characteristics, no approach satisfies all of the efficiency, size, weight, cost
and safety requirements for transportation or utility use.  The D.O.E. energy density goals for
vehicular hydrogen storage call for systems with 6.5 wt % H2 and 62 kg H2/m3 to provide a 350
mile range in a fuel cell powered vehicle.  This requirement amounts to the storage of ~2.9 kg of
H2 in the weight and volume occupied by a conventional gasoline tank.  These storage density
goals will only be met with significant advances in the capabilities of hydrogen storage
technologies.  

Gas-on-solid adsorption is an inherently safe and potentially high energy density hydrogen storage
method that should be more energy efficient than either chemical or metal hydrides, and
compressed gas storage. Consequently, the hydrogen storage properties of high surface area
"activated" carbons have been extensively studied (5, 6, 7).  However, activated carbons are



ineffective in hydrogen storage systems because only a small fraction of the pores in the typically
wide pore-size distribution are small enough to interact strongly with gas phase hydrogen
molecules.

Technical Approach and Summary of Past Work

The gas adsorption performance of a porous solid is maximized when all pores are not larger than
a few molecular diameters (8).  Under these conditions the potential fields from the walls of the so-
called micropores overlap to produce a stronger interaction than would be possible for adsorption
on a semi-infinite plane.  At sufficiently low temperatures, where the escaping tendency of the gas
is much less than the adsorption potential, the entire micropore may be filled with a condensed
adsorbate phase.  For the case of hydrogen, with a van der Waals diameter of 2.89 Å (9) pores
would be required to be smaller than ~40 Å to access this nanocapillary filling regime.  Sufficiently
small pores would exhibit an adsorption potential strong enough to localize H2 at relatively high
temperatures.  Ideally, the entire porous volume of an adsorbent would be of the microporous
variety, and the volume and mass of the adsorbent skeleton would be the minimum necessary to
develop the adsorption potential and provide sufficient thermal conductivity for management of
heat fluxes associated with adsorption and desorption.  

We have been working on the idea that aligned and self-assembled single wall carbon nanotubes
could serve as ideal hydrogen adsorbents since 1993.  The concept was motivated by theoretical
calculations(10) which suggested that adsorption forces for polarizable molecules within SWNTs
would be stronger than for adsorption on ordinary graphite. Thus, high H2 storage capacities could
be achieved at relatively high temperatures and low pressures as compared to adsorption on
activated carbons.  

In the Proceedings of the 1994 Hydrogen Program Review, we presented microbalance data which
demonstrated gravimetric hydrogen storage densities of up to 8.4 wt% at 82 K and 570 torr on
samples containing carbon nanotubes.  This substantial uptake at low hydrogen pressures
demonstrated the strong interaction between hydrogen and these materials, consistent with higher
heats of adsorption than can be found with activated carbons.  

In the 1995 Hydrogen Program Review Proceedings, we presented the results of our temperature
programmed desorption (TPD) studies which showed significant H2 adsorption near room
temperatures.  The adsorption energies on nanotube materials were estimated to be a factor of 2-3
times higher than the maximum that has been observed for hydrogen adsorption on conventional
activated carbons. At the time these were the first results which demonstrated the existence of
stable adsorbed hydrogen on any type of carbon at temperatures in excess of 285 K.  We also
analyzed the nanotube production yields versus rod translation rate in the electric arc.

In 1996 we performed a detailed comparative investigation of the hydrogen adsorption properties
of SWNT materials, activated carbon, and exfoliated graphite.  We also determined that the cobalt
nanoparticles present in the arc-generated soots do not play a role in the observed hydrogen uptake.
We determined the amount of hydrogen which is stable at near room temperatures on a SWNT
basis is ~ 10 wt%, and found that an initial heating in vacuum is essential for producing high
temperature hydrogen adsorption.  Further experiments suggested that SWNTs are selectively
opened by oxidation during this heating, and that H2O is more selective in oxidation than O2 due to
hydrogen termination of dangling bonds at the edges of opened nanotubes.  Purposeful oxidation
in H2O resulted in hydrogen storage capacities which were improved by more than a factor of
three.  We also correlated the measured nanotube densities produced by specific synthesis rod
translation rates during arc-discharge with hydrogen storage capacities determined by TPD.
Finally, we utilized NREL's High Flux Solar Furnace to form nanotubes by a new and potentially
less expensive route for the first time.



In 1997 we confirmed that H2 is stabilized by purely physical - rather than chemical - binding.  The
desorption of hydrogen was found to fit 1st order desorption kinetics as expected for physisorbed
H2, and the activation energy for desorption was measured to be 19.6 kJ/mol.  This value is
approximately five times higher than the value expected for desorption of H2 from planar graphite
and demonstrates that SWNT soots can provide very stable environments for H2 binding.  We also
employed diffuse reflectance Fourier transform infrared (DRFTIR) spectroscopy to determine the
concentrations and identities of chemisorbed species bound to the carbon surface as a function of
temperature, and determined that “self-oxidation” allows high-temperature adsorption of hydrogen
to occur in the arc-generated SWNT materials.  We also began synthesizing SWNT materials in
much higher yield than is currently possible with arc-discharge by using a laser vaporization
process.  We determined that the very long SWNTs made by this method could not be activated
towards high-temperature H2 physisorption by the same oxidative methods that were found to be
effective for tubes produced by arc-discharge.

In 1998 we made significant advances in synthesis and characterization of SWNT materials so that
we could prepare gram quantities of SWNT samples and measure and control the diameter
distribution of the tubes by varying key parameters during synthesis. By comparing continuous
wave (c.w.) and pulsed laser techniques, we learned that it is critical to stay in a vaporization
regime in order to generate SWNTs at high yield.  We also developed methods which somewhat
purified the nanotubes and cut them into shorter segments. We performed temperature programmed
desorption spectroscopy on high purity carbon nanotube material obtained from our collaborator
Prof. Patrick Bernier, and finished construction of a high precision Seivert’s apparatus which will
allow the hydrogen pressure-temperature-composition phase diagrams to be evaluated for SWNT
materials.

This year we have significantly improved our laser-vaporization method for the production of
SWNTs.  We now employ pulsed laser vaporization to generate material containing between 20-30
wt% SWNTs at a rate of ~ 150 mg / hr or ~ 1.5 g / day.  We have also developed a very simple 3-
step purification technique for this material which results in single walled carbon nanotubes that are
> 98 wt% pure as shown by thermal gravimetric analysis (TGA). The TGA method developed here
at NREL is the first to accurately quantify nanotube wt% contents in carbon soots. Finally, we
have simplified our previous nanotube cutting technique and have developed a process that allows
for highly reproducible cutting of our purified laser-generated materials.   The new cutting method
enables the opening of laser-produced tubes which were unreactive to the oxidation methods that
successfully opened our previously synthesized arc-generated tubes, and offers a path towards
organizing nanotube segments to enable high volumetric hydrogen storage densities.  Most
importantly, this year we have employed TPD spectroscopy to demonstrated that purified cut
SWNTs adsorb between 3.5 – 4.5 wt% hydrogen under ambient conditions in several minutes and
that the adsorbed hydrogen is effectively “capped” by CO2 making it stable for weeks in
atmospheric conditions.  The new cutting process now enables hydrogen adsorption on two
separate sites in the SWNT samples.  

Experimental

Pulsed Laser Synthesis of SWNTs

SWNT materials were synthesized by a laser vaporization method similar to that of Thess et al(11).
A single Molectron MY35 Nd:YAG laser was used which produced gated laser light ranging in
duration from 300 to 500 ns at a frequency of 10 Hz.  The gated laser light contained numerous
short laser pulses of about 5 to 15 ns. The emission wavelength was 1064 nm at an average power



of 20 - 30 W/cm2.  An electronically rastered beam enabled material generation at rates of 75 - 150
mg / h.    Typically production is ~ 1.5 g / day.  It is important to stay in a vaporization regime (12)

during synthesis so that graphite particles are not ejected. Targets were made by pressing powdered
graphite ( ~ 1 µ particle size) doped with 0.6 at % each of Co and Ni in a 1 1/8” inch dye at 10,000
psi.  Crude soot was produced between 850-1200 °C with 500 Torr Ar flowing at 100 sccm.  Raw
materials were estimated to contain ~ 20 - 30 wt% SWNTs by both a detailed analysis of numerous
different TEM images(12) and our newly developed highly accurate thermal gravimetric analysis
method.  Inductively coupled plasma spectroscopy (ICPS) was performed after complete air-
oxidation of the carbon soots and thorough digestion of the residue in concentrated HNO3.  The
same metal content was found in both the laser-generated crude and the initial target to be ~6 wt %.  
Thus the laser generated SWNT material was not enriched in metal as previously reported(11).

Purification of Laser-generated SWNTs

Approximately 80 mg of the above laser–generated crude was refluxed in 60 ml of 3M HNO3 for
16 h at 120 °C.  The solids were collected on a 0.2 µm polypropylene filter in the form of a mat
and rinsed with deionized water.  After drying, an ~82 wt % yield was obtained. The weight lost is
consistent with the digestion of the metal and an additional ~12 wt % of the carbon impurities. The
carbon mat was then oxidized in stagnant air at 550  o C for 10 min., leaving behind pure SWNTs.
The SWNTs were shown to be > 98 wt% pure with thermal gravimetric analysis.  Also, TGA
revealed that no significant SWNTs were consumed in the purification process.

Cutting of Laser-generated SWNTs

We previously reported a method for cutting SWNTs involving sonication for 24 hrs in the
following solutions: concentrated H2SO4, HCl, Aqua Regia (4:1 HCl:HNO3), 3:1 H2SO4:HNO3,
5:18:1 HCl:H2SO4:HNO3, and 5% Bromine and Iodine in methanol.  However, we found these
techniques to be both highly destructive and to result in highly irreproducible hydrogen storage
results.  This year we have developed a new less destructive method which cuts laser-generated
SWNTs into segments several microns in length.  We are currently filing a patent of this unique
process.  Importantly, the process enables reproducible activation of hydrogen adsorption on
SWNT materials under ambient conditions at 3.5 – 4.5 wt%.     

Transmission Electron Microscopy (TEM)

Samples were prepared for TEM by suspending ~ 0.2 mg in 10 ml of acetone.  The solutions were
sonicated for 5 min., and 6 drops were placed on Ted Pella Ultra-thin Carbon Type-A 400 mesh
grids.  TEM images were obtained on a Phillips CM-30 TEM/STEM operating at 200 kV with a
50 µm objective aperture for improved contrast.  The images were recorded on a 1024 x 1024
CCD camera. Each sample was surveyed for ~45 min. and ~ 7 images were recorded between 4.4k
and 160k to ensure a true representation of the material.

Thermal Gravimetric Analysis

TGA data were recorded on a Perkin Elmer TGS-2 interfaced with a MAC Centris 710 and
controlled by a National Instruments Lab View program.  The 1-2 mg SWNT samples were
ramped from 25 – 875 C at 5 ˚C per minute in a platinum sample pan under an atmosphere of 100-
sccm air.  This procedure allowed for the determination of moisture content within the samples so
that final yield could be determined accurately.  Occasionally a TGA in-situ oxidation of a sample
was necessary after the nitric acid reflux.  This experiment involved; a step ramp to 550 C for 30
minutes, a cool-down to 25 ˚C within the furnace, and then the TGA experiment was performed as
outlined previously.



Temperature Programmed Desorption

Details of the ultra high vacuum (UHV) chamber employed for the TPD studies have been reported
previously(4).  Briefly, the sample is mounted at the bottom of a liquid nitrogen cooled cryostat,
and a mass spectrometer provides for line-of-site detection of desorbing species.  An ion gauge and
capacitance manometer are employed to monitor pressure.  Gas exposure is controlled with a
variable conductance leak valve.  Isolation gate valves separate the sample compartment during
high-pressure gas exposures.

Carbon samples weighing ~1 mg were placed in a packet formed from 25 µm thick platinum foil.
Pinholes in the foil enabled gas diffusion into and out of the packet.  The packet could be cooled to
~90 K by the liquid nitrogen cryostat, and resistively heated with a programmable power supply.
The sample temperature was measured with a thin thermocouple spot-welded to the platinum
packet.  The samples were heated in vacuum at 1 K/s to 970 K prior to TPD studies.  Hydrogen
(99.999% purity) exposures between 300-600 Torr at room temperature were employed to
elucidate the H2 adsorption properties of the samples.  The samples were cooled to ~ 130 K prior
to the evacuation of the hydrogen gas.

Results and Discussion

Optimization of Laser Synthesis of SWNTs

Last year we reported that for the efficient laser-generation of SWNTs, it is necessary to operate
primarily in a vaporization regime(12). We were also able to operate in the vaporization regime and
achieve high yield production of SWNTs at room temperature using a continuous wave Nd:YAG
laser process.  Although SWNT contents under certain c.w. conditions were as high as ~ 78 wt%,
the overall material generation rate was only several mg / hr.  It was apparent that a method which
balanced material production rate and nanotube content must be developed.   The pulsed laser
vaporization method described this year allows for the production of ~1.5 g / day of material
containing between 20-30 wt% SWNTs.  Figure 1 compares a) previous arc-generated SWNT
materials with b) materials produced by the new method of pulsed laser vaporization.   In both
images bundles of SWNTs span between agglomerations of amorphous and nano-crystalline
carbon, and metal nanoparticles. The laser-generated material, however, contains approximately
three orders of magnitude more SWNTs than the arc-generated material.  The fact that we can
easily produce gram quantities of this high quality material everyday will greatly facilitate our
development of a carbon nanotube based hydrogen storage system.   

Three-Step Purification of Laser-generated SWNTs

Single-wall carbon nanotube materials produced in gram quantities with the Molectron MY35
pulsed Nd:Yag laser vaporization methods were purified by a combination of refluxing in 3M nitric
acid and subsequent air oxidation at 550 ˚C.  Figure 2a) displays a TEM image of an initial
relatively low-quality laser-generated SWNT material.  Long bundles of SWNTs are clearly visible
in Fig. 2a) however, the image also reveals a high concentration of amorphous carbon or
nanocrystalline graphite as well as cobalt and nickel nanoparticles with diameters between 50-100
nm.  Fig. 2 b) displays the same material following the reflux in nitric acid revealing that the
SWNTs are now encased within a mat by a relatively thick and uniform carbonaceous matrix.  The



metal nanoparticles have been completely removed.  The carbon matrix was then completely
removed by oxidation in stagnant air at 550  o C for 10 min., leaving behind pure SWNTs having a
weight of ~20 % of the initial crude (Fig. 2c). The as-purified tubes were difficult to image at high
magnification since the tubes were left disordered within their bundles after the acid reflux.
However, a brief anneal to 1500 °C in vacuum was sufficient to re-order the tubes.  The TEM image
of Fig. 2d reveals the high-quality, final material after the vacuum anneal  

This year we also developed a thermal gravimetric analysis technique which is the first to
accurately quantify SWNT wt% in carbon soots. TGA in flowing air (100 sccm) showed that our
purified SWNTs are quite stable (Fig. 3a).  The decomposition temperature (Td) at 735 o C, defined
here as the inflection point during oxidation of the tubes, is ~125 oC higher than a recently reported
value(13).  This result indicates a lack of dangling bonds or defects at which oxidation reactions can
initiate. Since less than 1 wt % is consumed below 550 oC, and less than 1 wt % remains above
850 oC, the final purity is conservatively estimated to be >98 wt %.  The TGA technique
establishes these SWNTs as the purest reported to date.  Furthermore, the metal content was
measured by ICPS and found to be the lowest reported to date at 0.2 wt % for both Ni and Co.   

TGA was also used to evaluate the crude and acid-refluxed materials to illuminate the key features
of the purification process.  The data for the crude soot (Fig. 3a) shows a slight increase in weight
at low temperatures due to the oxidation of the Ni and Co metals.  The carbonaceous fractions
begin to combust at ~370 oC and are mostly removed by oxidation below 600 oC.  A small final
weight loss at ~650 oC is due to the oxidation of surviving SWNTs (~4 wt %).  Consistent with
observations by others(14), the majority of SWNTs are combusted at lower temperatures
concurrently with other carbonaceous materials.  The weight remaining at 875 oC corresponds to
the weight expected for the oxidized metals (~ 8 wt %).

The TGA data from acid-refluxed material is also displayed in Figure 3a.  A first thing to note is
that refluxed samples getter as much as 10 wt % water from lab air, while purified and crude
samples remain relatively dry.  More importantly, non-nanotube decomposition occurs at a lower
temperature and is completed before the onset of SWNT combustion.  A plateau extending from
550 to 650 °C is evident in the TGA data because the oxidation now occurs in two separate
regimes.  The sample weight is reduced to approximately zero by 850 °C since all carbonaceous
materials have been removed and very little metal is left (0.2%).  The acid treatment not only
removes the metal but also produces carboxyl, aldehyde, and other oxygen – containing functional
groups(15) on the surfaces of the non-nanotube carbonaceous fractions.  As a result, the coating is
extremely hygroscopic and reactive towards oxidation.  This enables the oxidative purification of
the SWNTs that could not be achieved with the crude material.

The combustion of non-nanotube carbons in the refluxed soot is essentially complete at the
inflection point in the TGA curve at 560 oC.  At this temperature, the sample contains pure
SWNTs amounting to ~26 wt % of the dry refluxed material, or ~21 wt % of the pre-reflux
weight.  This latter value is in excellent agreement with the yield after refluxed material was heated
to 550 oC in stagnant air (~20 wt %), and considerably higher than the tube content determined by
TGA analysis of the crude material (~4 wt %).  The quantitative agreement between the bulk
oxidation in stagnant air and the TGA measurements under dynamic conditions suggests that
neither route consumed SWNTs appreciably.  In fact, neither longer times in stagnant air at 550o

C (up to 1 h) nor holding at 550 oC during TGA experiments produced further significant weight
loss.  Since the weight-loss proceeds as expected for oxidation of a single phase above 550 o C,
and the TEM images of Fig. 2c) and 2d) show only SWNTs, we can conclude that the final
product is pure.  It is important to note that the yields determined by purification and analysis are
reproducible within 2 percentage points both for samples from a given laser run, and for samples
produced in different runs using the same target/laser parameters.



To determine the extent to which tubes are damaged or consumed during the acid reflux, TGA was
performed on materials refluxed for 4, 16, and 48 h in 3M HNO3 (Fig. 3b).  Materials for these
experiments were produced with 30 W/cm2 of laser power.  The data were adjusted for the dry-
weight lost during reflux so the y-axis represents the wt % remaining of the initial crude material.
The data for the 4 and 16 h refluxes overlay at temperatures above ~450 °C, and a plateau
associated with SWNT stability is observed at 540 oC and a SWNT content of 17 wt %.  It is
striking that the TGA curves are virtually identical at the higher temperatures considering the
difference in masses consumed during the reflux step.  Since the SWNT content is determined to
be the same in both cases, it is likely that neither reflux consumed a significant number of tubes.
As discussed earlier, tubes are evidently not consumed by oxidation below 550 °C, so the 17 wt %
value can be taken as an accurate assessment of the SWNT content in the crude soot.  Once again,
this value is in good agreement with the yield obtained from batch oxidation at 550 °C after a 16-h
reflux in 3M HNO3. Unlike the 16-h process, the 4-h reflux did not always permit good
purification by oxidation.  In these cases a TGA curve very similar to that of the crude material was
observed.  

The oxidation reactions are no longer well separated after a 48 h reflux (Fig. 3b) so only a small
SWNT stability plateau is seen at ~ 625 °C.  The affinity for water is considerably less than in
either the 4 or 16-h samples.  The uniform, hydrophilic carbon matrix produced after 16 h of
refluxing was not observed by TEM.  Instead, a patchier coating was observed along with
occasional agglomerations, and some tubes appeared clean and uncoated.  The TEM images
revealed the non-nanotube carbons to be distributed much like as in the crude soot. Unlike the
crude, however, some of the tubes were observed to be sharply angled, cut and damaged.  The
extended reflux apparently digests most of the non-nanotube carbon and also begins to attack the
SWNTs.  These cut and defective tubes are then more susceptible towards air oxidation such that
only ~8 wt %, or < 50 % of the tubes known to be present remain at the onset of the SWNT
stability plateau (Fig. 3b).

Thus, we have developed a non-destructive purification technique which results in SWNTs of > 98
wt% purity. The dilute HNO3 reflux / air oxidation procedure described here appears to be a
simpler and more effective purification process than any previously reported.  The reflux must be
performed for sufficient time to produce a carbon coating on the SWNTs which can be removed by
oxidation.  However,  exposures which are too extensive or in concentrated acids result in damage
and digestion of SWNTs.   Also the initial material should not contain large graphite particles ≥ 1µ
or metal heavily encased by carbon.  Details of the underlying mechanisms which enable this
simple purification procedure may be found in our recent paper appearing in Advanced
Materials(16).  We have also applied for a patent on this unique process.     

Cutting of Laser-generated SWNTs

Previously a degas to 973 K in vacuum was sufficient to activate hydrogen adsorption on arc-
generated SWNTs(17). However in applying the same experimental methods to the very long laser-
generated nanotube bundles no significant H2 adsorption was observed for either the crude or
purified materials. The 10-15 Å diameter SWNTs produced at high yield by pulsed laser
vaporization are 100's of microns in length. The poor hydrogen uptake by these materials may be
attributed to very slow hydrogen diffusion down the long nanotube walls resulting in an effective
blockage at the ends of the tubes. In order to activate the hydrogen adsorption properties  we have
developed a very simple method of cutting the long SWNTs that we have recently submitted to be
patented.  We have employed this process to samples of our purified material resulting in a
significantly increased hydrogen uptake.  
 



Figure 4 a) displays a TEM image of crude laser-generated SWNT material cut by the previous
method involving sonication in 5:18:1 HCl:H

2
SO

4
:HNO

3
.  Individual nanotubes with lengths

between ~0.25 - 1 µ are clearly visible in the image.  However, the image is also clearly dominated
by impurities or perhaps remnants of destroyed SWNTs.  Figure 4 b) displays a TEM image of
purified laser-produced SWNTs cut by our new less aggressive process. Here the as-synthesized
seemingly endless ropes of SWNTs have been “cut” into compact bundles ~ 1-5 microns in length.
No impurities have been introduced by the cutting process indicating that the SWNTs are simply
severed and not destroyed.  The average bundle diameter has also been increased which should
facilitate the development of a compact lightweight vehicular hydrogen storage system.  

Improved Hydrogen Uptake in Purified Cut SWNTs

Upon degassing the purified cut SWNT samples in vacuum, the unique hydrogen adsorption
properties were activated. Figure 5 displays the H2 TPD spectrum of a degassed sample following
a brief room temperature H2 exposure at 500 torr. The spectrum is characterized by two separate
desorption signals peaked at 470 and 630 K indicating at least two unique hydrogen adsorption
sites.  The peak desorption temperatures of these signals can be as much as 100 K lower
depending on the SWNT sample and the specific cutting conditions.  The total hydrogen
adsorption capacity corresponds to ~ 4 wt%.  

The hydrogen corresponding to the signal peaked at 470 K can be evolved by holding the sample at
room temperature overnight in vacuum.  Also holding the SWNT sample at 423 K for only 8
minutes results in complete evolution from the low temperature site which corresponds to ~ 1.5
wt%.  In order to desorb all of the hydrogen from the higher temperature site it is necessary to heat
the sample between 475-850 K.  Figure 5 also displays the hydrogen desorption signal from a cut
crude laser generated sample as well as the previously reported hydrogen desorption signal from
arc-generated SWNT material.   The signal peaked at 133 K in the spectrum of the arc-generated
material is attributed to physisorbed hydrogen on impurities present in the carbon soot.  The very
significant increase in SWNT adsorption capacity on a material weight basis is readily apparent
from Fig. 5.   The development of a new hydrogen adsorption site as evidenced by the H2
desorption signal at 630 K is also observed following the new cutting process.

Both of the SWNT hydrogen adsorption sites are effectively “capped” by the adsorption of carbon
dioxide.  This phenomena was revealed in an experiment where a standard hydrogen exposure to
cut SWNTs was followed by a room temperature 10 min. 500 torr exposure to CO2. Figure 6a)
displays the hydrogen desorption signal from the SWNT sample following a 500 torr hydrogen
exposure at room temperature without any subsequent cooling of the sample.  Here two peaks at ~
420 K and 602 K are observed. However, the lower temperature peak is slightly shifted to a higher
temperature due to the absence of cooling during the hydrogen exposure.  If the sample had been
cooled the lower temperature peak in this case would have been observed at 370 K.    

Figure 6b) and c) display TPD desorption signals of CO2 and H2 respectively when an identical
hydrogen exposure was followed by a CO2 exposure.  The small CO2 desorption signal peaked at
400 K demonstrates the existence of a small population of CO2 adsorption sites on the SWNT
sample.  Surprisingly, however the H2 desorption signals are both shifted to higher temperature by
~ 50 K.  It appears from Figure 6 that the hydrogen does not begin to desorb from the SWNTs
until a significant portion of the CO2 has already evolved suggesting that the CO2 in fact blocks the
hydrogen desorption.  In a subsequent experiment the sample was exposed to CO2 for 10 min at
500 torr at room temperature and then exposed to H2 under the same conditions.  Subsequent TPD
revealed only a CO2 desorption signal demonstrating that carbon dioxide completely blocks
hydrogen adsorption as well. CO2 also apparently “caps” the SWNTs upon exposure to air.  
Samples charged with hydrogen and exposed to atmosphere were shown to desorb first CO2 and



then H2 several weeks later without a significant loss in the stored hydrogen. This effective
“capping” of the SWNTs by CO2 may prove significant to the commercial development of SWNTs
for a hydrogen storage system.  It is also highly interesting that there are relatively few adsorption
sites for CO2 compared with H2.

Conclusions / Future Work

This year we have made significant advances in the synthesis, purification and cutting of SWNT
materials resulting in greatly increased hydrogen adsorption on a sample wt% basis.  We now can
produce 1.5 g / day of material containing ~ 20–30 wt% SWNTs using the method of pulsed laser
vaporization.  We have developed a simple 3-step method which results in SWNTs that are > 98
wt% pure without a significant loss in SWNT content.  We have also developed a thermal
gravimetric analysis method that for the first time enables highly accurate determination of  SWNT
wt% content in carbon soots.   Finally we have pioneered a gentle cutting process which enables
3.5 – 4.5 wt% hydrogen adsorption on our purified laser materials.  The adsorption occurs in two
separate sites and conveniently, all of the adsorbed hydrogen is effectively capped by CO2 resulting
in the hydrogen’s stability under atmospheric conditions for several weeks. The temperature at
which hydrogen desorption occurs appears to vary with material and specific cutting conditions.
In the future we will explore the hydrogen adsorption properties on materials with SWNTs of
highly specific diameters, and we will also vary the parameters of our cutting scheme in order to
further optimize H2 adsorption properties.  Presently our cutting method is suitable only for mg
sized samples.  We will endeaver to scale-up the method so that large scale measurements may be
made on our high precision Seivert’s apparatus which will allow hydrogen uptake to be measured
at increased pressures.  We will explore methods of further aligning the SWNTs so that a compact
storage system may be achieved.  Finally we will employ Raman, nuclear magnetic    resonance
and conductivity measurements on the initial and hydrogen charged SWNT samples in order to
gain a better understanding of the two unique hydrogen interactions.   We anticipate that all of these
exploratory efforts will enable increased hydrogen adsorption on larger SWNT samples.
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Figure 1:  TEM images of SWNT soots produced by  a) arc discharge and b) pulsed laser
vaporization.
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Figure 2: TEM images of:  (a) as-produced ~20 W/cm2 laser-generated SWNT soot.  (b) crude
material which was refluxed for 16 h in 3M HNO3.  (c) purified SWNTs produced by oxidizing
the acid treated sample for 30 min. in air at 550 °C, and (d) purified SWNTs at high magnification
following a brief 1500 oC vacuum anneal.
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Figure 3: TGA curves  for: (a) Materials produced at a laser power of ~20 W/cm2; purified, crude
and crude soot after a 16 h reflux in 3M HNO3.  The data for the refluxed material was normalized
to 100 wt % at 100 oC to compare dry weights.   (b) Materials produced with 30 W/cm2 of laser
power.  Samples were refluxed in 3M HNO3 for 4, 16 and 48 h. These curves were normalized to
100 wt % at 100 oC to compare dry weights, and then re-normalized to account for the different
weight losses in the HNO3 refluxes.



Figure 4:  TEM images of a) previously cut SWNT crude materials and b) cut purified materials
with the newly developed non-destructive method.
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Figure 5:  Hydrogen TPD spectra of degassed samples following a brief room temperature H2
exposure at 500 torr for arc-generated crude, laser-generated crude and purified laser-generated
SWNT materials .
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Figure 6: TPD spectra of a) the hydrogen desorption signal from an SWNT sample following a
500 torr hydrogen exposure at room temperature without any subsequent cooling of the sample,
b) and c) display TPD desorption signals of CO2 and H2 respectively when an identical hydrogen
exposure was followed by a CO2 exposure.
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Abstract

A major effort was made during the current year to bring to a more practical level the
hydrogenation/dehydrogenation conditions using fullerenes and some liquid organic hydrides.  Based
on the idea that improving effective contact between a solid hydrogen storage material and the catalyst
may reduce the relevant process activation energies, three separate but related techniques were
attempted for fullerenes: (1) using liquid catalysts, (2) doping fullerenes with alkali ions, and
(3) dissolving fullerenes and their hydrides in selected low-temperature molten salts.  In all three cases,
it was found that significant hydrogenation can be achieved below 200EC and dehydrogenation around
200EC.  The hydrogen pressure needed for hydrogenation can be as low as several hundred psi.  Some
cyclical hydrogenation/dehydrogenation tests on the same sample were also performed.  The
hydrogenation/dehydrogenation tests on a related organic hydride (as an alternative hydrogen storage
system) reported last year were expanded using various catalysts.  Metallized membranes capable of
separating the released hydrogen from the organic hydride with near 100% efficiency were utilized and
gravimetric capacities around 6% were obtained.

Introduction

Fullerenes or mixed fullerenes (MF) and some related organic hydrides can absorb up to 7 wt%



of hydrogen and release it under suitable conditions.  For example, there is 7.7 wt% of hydrogen
stored in C60H60, and our experimental results have already indicated a 6 wt% hydrogen storage
feasibility in fullerenes (corresponding to C60H48) and about 7 wt% in a related organic hydride. 
In order to develop a practical hydrogen storage system using these materials, Oak Ridge
National Laboratory (ORNL) and Materials & Electrochemical Research (MER) Corporation
have been engaged in a joint effort through a Cooperative Research and Development Agreement
(CRADA) to (1) understand the mechanism of hydrogen storage in fullerenes and some organic
hydrides, (2) optimize the hydrogen absorption/desorption properties of these materials, (3)
develop the thermal management technology needed for hydrogen storage device designs, and
(4) construct and demonstrate experimental hydrogen storage devices using these materials.

Through the analysis of hydrogenation/dehydrogenation data, physical model development, and
thermophysical property measurements, we have demonstrated that the hydrogen storage
processes in the materials are thermally activated and involve sizable activation energies and heats
of hydrogenation (Wang et al. 1995, Wang et al. 1996, Murphy et al. 1997, Wang et al. 1998,
Loutfy et al. 1998).  We have found that the activation energies are highly dependent on the
catalysts used and can be tailored to yield practical hydrogen storage conditions including
hydrogenation/dehydrogenation pressure and temperature.  The thermally activated processes,
together with the sizable heat of hydrogenation, point to the need for and importance of thermal
management.  The approach adopted in the present project is to continue to develop and improve
catalysts, to better understand the physics involved, and to develop thermal management
techniques to achieve efficient storage operations.

Past Results

The beginning effort on this project emphasized the use of simple physical models to interpret
limited experimental data related to the hydrogenation and dehydrogenation of fullerene samples
(Wang et al. 1996).  It was found that representations based on thermal activation mechanisms
provided reasonable characterizations of both the absorption and desorption measurements. 
Subsequent combustion calorimetry measurements provided preliminary substantiation of the
earlier estimates from the absorption/desorption data (Murphy et al. 1997).  The results were
employed to develop an integrated model to guide materials development and to simulate thermal
management of some simplified storage devices using a commercial code based on finite control
volume methods.  It has been demonstrated that lowering the activation energies for
hydrogenation/dehydrogenation is most important in materials development and that thermal
management is very relevant in the performance of a storage device (Murphy et al. 1997).  Tests
employing various catalysts were conducted for fullerenes in the solid phase, but they yielded
only limited decreases in activation energies.  However, initial tests employing both a catalyst and
a solvent of fullerenes showed promising results, suggesting that close contact between the
catalyst and solid phase fullerenes may be important.

During the last review period, progress was made in two main areas: the data base for the effects
of combining solvent and catalyst on the absorption/desorption of hydrogen in fullerenes was
expanded, and the hydrogenation/dehydrogenation of a related organic hydride (as an alternative
hydrogen storage system) was explored (Wang et al. 1998, Loutfy et al. 1998).  In the first area,



experiments with fullerenes in a solvent showed that more than 6 wt% of hydrogen can be
charged at 180EC, 350B400 psi.  In addition, dehydrogenation of fullerene hydrides below 225EC
was demonstrated using a solvent and an Ir-based P-C-P pincer complex catalyst developed by
the University of Hawaii.  In the second area, multi-cycle tests involving the
hydrogenation/dehydrogenation of an organic hydride showed a hydrogen storage capacity of
7 wt%.  The resulting data were analyzed and interpreted to elucidate relevant trends and
mechanisms.  It was demonstrated that the storage processes in the organic hydride are similar to
those in the fullerenes, but with much smaller activation energies and heat of hydrogenation.

Current Year Results

A major effort was made during the current year to bring the hydrogenation/dehydrogenation
conditions to a more practical level.  Based on our past experience, conceptual analysis, and
model development, initiatives were undertaken to improve effective contact between fullerenes
and other materials that might substantially reduce the relevant process activation energies.  Three
separate but related techniques were attempted: (1) using liquid catalysts, (2) doping fullerenes
with alkali ions, and (3) dissolving fullerenes and their hydrides in selected low-temperature
molten salts.  In some cases, cyclical hydrogenation/dehydrogenation tests on the same sample
were performed.

Some cyclical hydrogenation/dehydrogenation test results (up to 11 cycles) of a liquid organic
hydride were reported in the previous DOE Hydrogen Program Review Meeting (Wang et al.
1998).  These tests were extended using various catalysts to evaluate their performance. 
Metallized membranes capable of separating the released hydrogen from the organic hydride near
100% efficiency were developed.  Gravimetric capacities around 6% were obtained.  The
approach to full capacity was found to be limited by kinetics as reactant concentrations
decreased.

Thus, during the review period, four distinct novel approaches were tested and analyzed for their
hydrogenation/dehydrogenation potentials.  The associated results are described in the remainder
of this paper.

Hydrogenation/Dehydrogenation of MF Using Liquid Catalysts

A family of liquid catalysts was prepared and many hydrogenation/dehydrogenation experiments
were performed to evaluate promising catalysts.  In these experiments, fullerenes or MFs were
soaked in a liquid catalyst (without solvent).  Hydrogenation was achieved by heating the
samples under elevated hydrogen pressures and dehydrogenation was achieved by heating the
hydrides at relatively low hydrogen pressures.  The results indicated that these liquid catalysts can
significantly ease the hydrogenation and dehydrogenation conditions reported previously (Wang
et al. 1998, Loutfy et al. 1998).

Hydrogenation

Figure 1 shows the hydrogenation results of a dehydrogenated C60H36 sample as an example.  The



liquid catalyst used in this case was a Ti-complex.  As can be seen from the figure, effective
hydrogenation started around 120EC.  The hydrogen pressure used in this experiment was about
400S500 psi (27S34 atm).

Figure 1  -  Hydrogenation of a dehydrogenated C60H36 sample using a liquid
Ti-complex as catalyst.

Dehydrogenation

In the dehydrogenation experiments, fullerene or MF hydrides were combined with a liquid
catalyst (such as a Zr-complex or a Ti-complex) and heated to some moderate temperature to
release the hydrogen.  A preliminary result using a Zr-complex as catalyst is shown in Fig. 2 as an
example.  The figure suggests that the catalyst was very effective for the dehydrogenation of
fullerene hydrides.  Note, however, that only about 50% of the hydrogen was released in this
experiment.  There was some indication that the liquid catalyst reacted with the hydrogen
released and became solidified.  As a result, the catalyst may have lost some of its capability
during the dehydrogenation process.  Through careful analysis and experimental testing, the
optimal temperature/pressure regimes for hydrogenation and dehydrogenation using this type of
catalysts were established.



Figure 2  -  Dehydrogenation of a (MF)H28 sample using a liquid Zr-complex as
catalyst.

Cyclical Test

Figure 3 shows the cyclical hydrogenation/dehydrogenation results of a MF hydride sample.  The
starting material was 0.2 g of (MF)H36.  The liquid catalyst used in this case was 0.3 ml of a Zr-
complex.  In the figure, the hydrogenation and dehydrogenation portions of each cycle are
labeled as Hy and DeHy, respectively.  The Hy and DeHy half-cycles were plotted together along
a continuous time-coordinate.  This is for illustration purpose only; the actual experiments for the
half-cycles were performed separately on the same sample at different times.  As can be seen
from the figure, using this Zr-complex as liquid catalyst, hydrogenation can be achieved near
150EC and dehydrogenation around 200EC.  The hydrogenation pressure used in these
experiments was about 525S700 psi (36S48 atm).  Note that in the figure, scc stands for standard
cubic centimeter.  One mole of an ideal gas at standard conditions has a volume of 22,400 scc.



Figure 3  -  Cyclical Hydrogenation (Hy) and Dehydrogenation (DeHy) of a (MF)H36

sample using a liquid Zr-complex as catalyst.

Hydrogenation/Dehydrogenation of MF Doped with Alkali Ions

The idea of doping fullerenes with selected alkali ions (3 per MF) was to determine whether the
ions could modify the electronic properties of the fullerene structure so as to effectively weaken
the hydrogen bonds and, thereby, to ease the conditions for the hydrogenation/dehydrogenation
cycle.  Our results indicated that significant amounts of hydrogen can be added to and taken out
of the doped fullerenes under moderate conditions.

Hydrogenation

Figure 4 shows the hydrogenation results of a (MF)(Alk)3 sample, where (Alk) stands for the
alkali ions in the doped material.  During this experiment, the material was exposed to an elevated
hydrogen pressure (1050S1470 psi) in a sealed chamber and was heated up to and maintained at
200EC for six hours, and then was left to cool down to room temperature.  No catalyst was used



in this hydrogen storage system.  As can be seen from the figure, the absorption started from near
room temperature.  This seems to be somewhat different from the hydrogenation results of
fullerenes without alkali ions.

As can be seen from Fig. 4, the absorption was still going on at the end of the heating period
(T = 200EC).  The maximum amount of hydrogen absorbed in this experiment was estimated to
be 35 H=s per MF.  It is known that significant amounts of hydrogen can exist in alkali-ion
intercalated graphite compounds.  It is not clear whether that is relevant to the hydrogenation of
doped fullerene materials.  More experiments are needed to explore the physics of the
hydrogenation process of (MF)(Alk)3.

Figure 4  -  Hydrogenation of an alkali-ion doped MF sample.

Dehydrogenation

Figure 5 shows the dehydrogenation results of the (MF)(Alk)3 sample that was hydrogenated
with about 35 H=s per MF (see Fig. 4).  The shape of the dehydrogenation curve indicates the
trend of a thermally-activated process: rapid release of hydrogen begins only after the
temperature becomes high enough (e.g., around 100EC in the Fig. 5).  The gradual decrease in the
dehydrogenation rate during the period at T = 200EC was probably due to the gradual depletion



of hydrogen in the sample.  As can be seen from the figure, as the sample cooled down to the
room temperature, the amount of released hydrogen actually decreased from its maximum value.
 This was probably due to the re-absorption of some of the released hydrogen as hydrogenation
can happen near room temperature (see Fig. 4).  According Fig. 5, the maximum amount of
hydrogen released during this experiment was about 10 H=s per MF.

Figure 5  -  Dehydrogenation of a hydrogenated alkali-ion doped MF sample.

Hydrogenation/Dehydrogenation of MF in Molten Salts

The third technique used to improve effective contact between fullerenes and other materials to
reduce activation energies involved using low temperature molten salts to disperse catalysts and
fullerenes.  These molten salts have a variety of melting points and low vapor pressures at
moderate temperatures.  Our experimental results indicated that significant amounts of hydrogen
can also be added to and taken out of the dispersed systems under moderate conditions.



Hydrogenation

Figure 6 shows the hydrogenation results of a MF sample in a selected molten salt containing Sn
with a selected catalyst compound containing Pt as an example.  As can be seen from the figure,
effective hydrogenation can be achieved around 170EC.  The hydrogen pressure used in this
experiment was about 470S630 psi (32S43 atm).  The amount of hydrogen absorbed at the end of
heating was about 18 H=s per MF.

Figure 6  -  Hydrogenation of an MF sample in a molten salt.

Dehydrogenation

Figure 7 shows the dehydrogenation results of the MF sample that was hydrogenated in a molten
salt (see Fig. 6).  According to Fig. 7, the maximum amount of hydrogen released during this
experiment was about 5.5 H=s per MF.



Figure 7  -  Dehydrogenation of a hydrogenated MF sample in a molten salt.

Cyclical Hydrogenation/Dehydrogenation of Organic Hydrides

As reported last year, the hydrogenation/dehydrogenation of a liquid organic hydride (as an
alternative hydrogen storage system) was explored and multi-cycle tests yielded very promising
results (Wang et al. 1998).  During the current year, additional tests were made to study various
catalysts and to develop metallized membranes to separate the released hydrogen from the liquid
hydrides.  Figures 8 and 9 show the hydrogenation of a liquid organic hydride and the
dehydrogenation of the hydrogenated liquid hydride, respectively.  In each case, 100 ml of
storage material was used but the amount of hydrogen absorbed or released was several hundred
times this volume.  At this time about 80% conversion can be achieved (about 6 wt%) using a
new catalyst dispersion method and a newly developed metallized membrane as hydrogen filter. 
The approach to the full theoretical capacity of more than 7 wt% is limited by slow kinetics at low
hydrogen content near the end of dehydrogenation.  Improved catalytic configurations and
thermal management may further reduce the limitation.



Figure 8  -  Hydrogenation of a liquid organic hydride sample.

Figure 9  -  Dehydrogenation of a hydrogenated liquid hydride sample.



The performance of the liquid organic hydride mentioned above can be summarized as follows:

High gravimetric density: $ 6 wt%
High volumetric density: 65 kg/m3

High rate of hydrogen release 6 liter H2/min/liter of organic hydride
Reversible
Low cost Commercially available
Insensitive to contaminates
Relatively low heat of hydrogenation Less than that of fullerenes
Ready for demonstration

In summary, both the fullerenes and the organic hydride studied in the project have been
demonstrated to be promising hydrogen storage materials with up to 7 wt% potential capacities.

Plans for Future Work

A substantial portion of the methodology developed and the experience gained in the project can
be applied to both fullerenes and the liquid organic hydrides studied.  We plan to

         1) investigate the achievable improvements using liquid catalysts, alkali ion doping,
and molten salts with fullerenes,

         2) expand the data base for the liquid organic hydride
hydrogenation/dehydrogenation option,

         3) extend the heat of dehydrogenation measurements,
         4) employ characteristics of the most attractive options to create relevant models and

simulations of practical hydrogen storage units, and
         5) explore the potential of other novel systems for hydrogen storage.
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Abstract

Gas-phase kinetic and equilibrium thermodynamic measurements, reaction modeling, and time-resolved x-
ray diffraction have been performed on catalyst doped NaAlH4. Kinetic measurements showed a distinct
change in the rate of hydrogen desorption at specific pressures and temperatures. This is interpreted as
due to the equilibrium pressure of the intermediate Na3AlH6 phase. The equilibrium pressures derived
from these kinetic measurements at different temperatures are consistent with higher temperature
equilibrium measurements. Equilibrium desorption pressure measurements of NaAlH4 below 180 C were
used to estimate a heat of formation of roughly -34.8 kJ/molH2. The difference between this and reported
values at higher temperatures can be accounted for by the heat of melting which occurs at about 180 C.
Time-resolved X-ray diffraction measurements demonstrated this melting, clarified the reaction processes,
and demonstrated the effectiveness of the added catalysts.

Introduction

The recent work of Bogdanovic and Schwickardi (1997) demonstrated that the alkali metal hydride,
NaAlH4 , readily released and absorbed hydrogen when doped with a TiCl catalyst.  Prior to this work,
Ashby and Kobetz, (1966) had demonstrated the importance of an intermediate phase (Na3AlH6) in the
synthesis and decomposition of NaAlH4. The possibility of the formation of an intermediate phase had
been previously suggested by Garner and Haycock, (1952) as a part of the general reaction process for the
Alanates. However, slow kinetics made these materials all but impractical for hydrogen storage. Hence,
the findings of Bogdanovic and Schwickardi is significant in identifying a new class of hydrides, based on
the aluminum hydride complex and non-transition metals, which have great potential for use as reversible
hydrogen storage media.  



These materials are distinct from classical metal hydrides in structure and properties.  Some examples of
non-transition metal hydrides based on the aluminum hydride complex and their corresponding theoretical
hydrogen capacities are shown in Table 1.

Table 1. Some aluminum hydride complex materials

Examples Theoretical Reversible Capacity

Na(AlH4)      5.5 wt.%
Li(AlH4)       7.9 wt.%
Mg(AlH4)2      6.95 wt.%
Zr(AlH4)2      3.9 wt.%

Note that relatively high storage capacities are achievable.  Generally, the final product contains a stable
hydride phase which requires high temperatures for dissociation.  The hydrogen associated with this
phase is not included in the theoretical capacities shown in the Table.

The hydrogen release process is quite complex.  Indeed, in the case of NaAlH4, an intermediate phase,
Na3AlH6, is formed before the compound decomposes to its final structure.  The reactions in this case are:

3NaAlH4 ↔ Na3AlH6 + 2Al + 3H2 Eq. 1a

Na3AlH6 ↔ 3NaH + Al + 3/2 H2 Eq. 1b

This year our work has focused on three areas: (1) understanding the behavior of catalyzed NaAlH4 , (2)
characterizing the materials and material processing methods, and (3) examining the performance of this
material in a lab-scale hydride bed. NaAlH4 was studied in depth for two reasons.  First of all, with a
reversible capacity of 5.5 wt.% H2, this compound has merit as a potential storage medium.  Secondly, a
detailed understanding of the hydriding and dehydriding behavior of this compound will play an important
role in the development of improved storage materials based on catalyst assisted complex-based hydrides.  

In these studies, we employed gas-phase kinetic and equilibrium measurements, reaction modeling, and
time-resolved x-ray diffraction measurements.  The material processing and catalyst doping was
performed in collaboration with the University of Hawaii (C. Jensen, R. Zidan, S. Takara).  Furthermore,
studies were initiated with F. Lynch, HCI, on flammability, impact resistance and other safety related
properties to determine potential safety concerns in using this material in fixed or mobile hydrogen storage
applications.



Results

Hydrogen desorption kinetics

Isothermal hydrogen desorption measurements on catalyst-doped NaAlH4 were made at a number of
temperatures between 80 C and 180 C.  The experiments were performed by rapidly heating samples up
to the desired temperature and collecting the released hydrogen in a fixed volume.  The initial ramp-up in
temperature generally took a relatively short time (1-2 min.) compared to the total length of the
measurements.  An example is shown in Figure 1.

Figure 1  –  Isothermal Hydrogen Desorption Kinetics Measurement
at 150 C for “Sandia prepared” Ti catalyst

Hydrogen pressure is plotted as a function of time for desorption at 150 C of a sample with a Ti catalyst.
A log-log plot is used to emphasize the distinct change in release rates characteristically observed in these
measurements.  We interpret this change in rate as being related to the plateau pressure of the low
pressure intermediate phase Na3AlH6.  If one linearly extrapolates the high pressure and low pressure
parts of the curve, the intersection of these two lines defines a pressure roughly midway through the
transition.  This was done for all of the temperatures measured and the values plotted in the lower curve
of the van’t Hoff diagram shown in Figure 2.  



Figure 2  –  Van’t Hoff Diagram showing equilibrium pressures
as a function of temperature for both hydride phases

Here, the log of the pressures are plotted as a function of reciprocal temperatures for desorption from
both phases.  Also plotted are the two plateau pressure measurements at 180 and 211 C by Bogdanovic
and Schwickardi (1997) for both cases.  Referring to the lower pressure curve, it can be seen that all of the
values derived from the kinetic measurements agree with the extrapolated behavior from the higher
temperature equilibrium results.  This lends support to our interpretation of the isothermal desorption
behavior.  The slope of the data yields a value of  about -48 kJ/molH2 for the heat of formation of the
Na3AlH6 phase.  

The effects of two different catalysts on desorption rates were also examined.  Material processing and
catalyst doping were performed in collaboration with the University of Hawaii (C. Jensen, R. Zidan, and
S. Takara). The starting NaAlH4 material was prepared by one of two different methods. In the first, a
commercial 1.0M solution of NaAlH4 in THF (Aldrich Chemical) was evaporated to dryness under
vacuum. This material is referred to below as “Sandia prepared”.  In the second process, NaAlH4 was
prepared by re-crystallizing the solid from a  THF/pentane solution. In the following discussion, this
material is referred to as “UH prepared”. IR spectroscopy performed on these samples indicated no
residual THF. The hydride was doped with catalyst using the liquid precursors: titanium butoxide Ti[O(C
H2)3
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]
4
 and zirconium propoxide Zr[OC H

2
 CH

2
CH
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]
4
  70 wt.% in a 1-propanol solution as described

in the literature (Zidan, et al, 1999). One or both of the catalyst precursors were added in 2 mole % to
about 1.5 g of the dry NaAlH4 powder. The mixture was then ground with first a mortar and pestle and
finally in a SPEX mill for 30 seconds. This process caused a color change in the material from white to
dark gray. All operations, including mounting of material in test cells, were performed in an argon glove
box to minimize water and oxygen contamination.



Figure 3 – Comparison of material preparation
and catalysts on isothermal desorption behavior

Hydrogen desorption rate measurements at 150 C are shown in Figure 3 for two Ti catalyst samples and
one Zr catalyst sample.  In this case, we have plotted the fractional hydrogen release (weight percent) in
order to compare samples of different masses.  Note, first of all, that there is little difference between the
two Ti catalyst samples which were prepared by the techniques described above.  The Zr catalyst,
however, displays very different desorption behavior from the Ti-doped material.  One factor affecting
the desorption rate is that the plateau pressure of the intermediate phase, Na3AlH6, was never exceeded
during the Zr catalyst measurement because the sample mass was somewhat smaller than the others.
Nevertheless, the roughly constant desorption rate was less than the initial rates measured in the Ti-doped
samples.  TPD measurements (Zidan, 1999) at the University of Hawaii showed that both catalysts could
be applied together resulting in an improved performance over single-doped material.  For this reason, in
the x-ray work described below and in the hydride bed studies, our initial measurements used combined
catalyst (Ti and Zr) material.



Equilibrium behavior

Isothermal hydrogen pressure-composition measurements were made during desorption of the high
pressure phase, NaAlH4, at lower temperatures than reported by Bogdanovic and Schwickardi (1997).
This is shown in Figure 2 (the upper curve).  Here, desorption equilibrium plateau pressures at three
temperatures, 150, 160 and 170 C, are plotted along with the published data.  Note that the lower
temperature plateau pressures show a distinct change in slope from those at 180 C and 211 C.  Thus, we
believe that the data reflect the equilibrium behavior of NaAlH4 decomposition in the melted phase above
180 C and in the solid phase below 180 C.  The solid phase measurements indicate a higher heat of
formation (greater slope). For NaAlH4,  we obtain -34.8 kJ/molH2 in the solid phase. These values should,
however, only be considered as estimates because of the small number of points. Above 180C, the
difference between this value  and the reported enthalpy of melting for NaAlH4 (23.2 kJ/molH2 , P.
Claudy, 1980), is      -11.6 kJ/molH2. This value is consistent with the equilibrium measurements above
180 C reported by Bogdanovic, B. and Schwickardi (1997). The enthalpies of the solid state reactions can
be formulated in terms of equations 1a and 1b:

∆H1a = 1molH2 ( ∆H NaAlH4 -1/3∆H Na3AlH6 ) Eq. 2a

  ∆H1b  = 2molH2 ( 1/3∆H Na3AlH6 - ∆H NaH ) Eq. 2a

Combining these gives:

                     ∆H1a = 1molH2 ( ∆H NaAlH4 -1/2∆H1b  - ∆H NaH) Eq. 3

Values for each of these formation enthalpies can be found in the literature. These are  ∆H NaAlH4 = -
112.86 kJ/molH2, ∆H NaH  = -56.3 kJ/molH2, and ∆H2  = -41.5 kJ/molH2 (M. Smith, 1963, and  P. Claudy,
1980). Thus, the enthalpy of the solid state reaction of equation 1 determined from these values (using
equation 3) is ∆H1a = -35.8 kJ/molH2. This is comparable to our measured value of -34.8 kJ/molH2.

In-situ x-ray diffraction measurements

Time-resolved x-ray diffraction measurements were made at elevated temperatures of catalyzed and
uncatalyzed NaAlH4.  For these measurements, an in-situ sample cell with a thin Be window was devised
which allows temperature and pressure control during the measurements.  Loading of the cell was
performed in an argon glove box to prevent oxidation of the material.  Details of the cell and a more
detailed discussion of these results is presented elsewhere (K. Gross, et. al, 1999).  Here we will only
describe some of the main findings. X-ray diffraction scans for the catalyzed and an uncatalyzed samples
are shown in Figures 4a and 4b.  These figures were generated by superposing periodic scans over a
limited angular range.  The intensity peaks correspond to specific crystallographic planes in each of the
phases present in the sample.  The time between individual scans is about 7 minutes, but the repeat cycle
could be stopped at any time for large angle scans and phase identification. This technique allows one to
follow the evolution of individual phases over the course of the experiment.



Figure 4a – In-situ x-ray diffraction of a catalyzed sample at 100 and 150 C

Figure 4a shows a series of scans taken during desorption of a sample doped with Ti and Zr catalysts.
Sample temperatures are shown along the right hand side of the plot and are correlated with the time of
the scans. These measurements show relative growth and decay of the different component phases
(NaAlH4, Na3AlH6, NaH, Al) which can be used to quantify the kinetics of the different reaction rates.

Several other interesting features were also observed.  During the initial heating in both samples, shifts in
the peak positions indicated a greater expansion of the unit cell in the c-axis due to thermal expansion.
(NaAlH4 has a tetragonal structure (Bel’skii, 1983), with the a and b axes equal and all three axes
orthogonal.)  Furthermore, the irregular variation in peak intensities for the NaAlH4 reflections suggest
that fairly rapid structural changes are occurring at the temperatures indicated.  It should also be pointed
out that the sharp diffraction profiles for Al seen in the figure are clear evidence that relatively large Al
clusters are formed during the dehydriding process.  Thus, some atomistic transport occurs which results
in Al clustering during the decomposition of both phases, NaAlH4 and Na3AlH6.



Figure 4b –  In-situ x-ray diffraction of an uncatalyzed sample at 150 and 180 C

As seen in figure 4b, no decay of the initial phase, NaAlH4, was observed for the uncatalyzed sample at
150 C.  This is consistent with the lack of hydrogen release found during independent isothermal
measurements.  When the sample was subsequently heated to 180 C, however, all diffraction peaks
associated with the NaAlH4 phase abruptly disappeared, indicative of rapid and complete melting of the
sample.  This is in agreement with published values of the melting temperature for this material and was
also verified by differential scanning calorimetry. The time interval at which this occurred is indicated in
the figure 4b.  Immediately following the melt transition one can see a corresponding increase in Al
content and the formation of other phases.  Since free Al was observed and the hexahydride phase is
known to have a higher melting temperature, the formation of the intermediate phase was expected.
However, it was found that a new Na-Al-H phase, with a structure different from alpha- Na3AlH6,
precipitated first from the melt.  This phase then rapidly decayed to form the expected alpha-NaAlH6
structure.  The stoichiometry and structure of the new phase are not known at this time.  However, the
Space-group with the highest symmetry which satisfies the observed peak positions has been identified as
Pm-3m (No. 221).



Figure 5 – Fit of desorption data with a numerical model
          of first-order chemical reactions

Kinetic modeling

Classical chemical kinetic models suggest that the isothermal results might be described by first order
reaction rates; that is, for the reactions defined in Eq.’s 1a and 1b:

dN1 = -3r1N1dt

dN2 = r1N1dt - (1-a)r2N2dt + ar3N3dt

dN3 = -ar3N3 + (1-a)3r2N2

dH1 = -dN1dt dH2 = -3dN2dtdH3 = -dN3dt

where: subscript 1 refers to NaAlH4

subscript 2 refers to Na3AlH6

subscript 3 refers to NaH, and
a = 1 when P>Pe and a = 0
when P<Pe for the intermediate phase

A numerical model containing the forward and back reactions of the initial, intermediate and final phases,
as shown in the above equations, was constructed and compared to the experimental data.  It was found
that this approach can simulate the observed behavior extremely well when applied to release data at 180
C, that is, at the melting temperature of the starting material.  This can be seen in figure 5.  For the
simulated curve, actual experimental quantities of starting materials and gas free volume were used.  Rate
constants for each of the reactions were obtained and subsequent fitting to measurements at other



temperatures should yield activation energies for the decomposition reactions.  As might be expected,
however, this straightforward approach does not accurately predict the experimental desorption results
when applied at temperatures below the melting point of the initial phase.  Other mechanisms, such as
solid state diffusion, appear to be the rate limiting steps in the desorption process. This work is being
continued at this time.

Conclusion

This study focused on elucidating some of the physical properties and mechanisms involved in the
enhanced  hydrogen sorption kinetics of catalyst doped NaAlH4. Above 180C, the melting of NaAlH4

changes the equilibrium thermodynamics of hydrogen sorption as well as creating a complex series of
decomposition reactions involving several phase transitions. Below 180C, the thermodynamics of the
decomposition - reformation reactions are well described in terms of solid state reactions.
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Abstract

The dehydrogenation kinetics of NaAlH4 are significantly enhanced upon doping with
zirconium through homogenization with 2 mole % Zr(OPr)4. TPD measurements show that
zirconium is inferior to titanium as a catalyst for the dehydriding of NaAlH4 to Na3AlH6
and Al but a superior catalyst for the dehydriding of Na3AlH6 to NaH and Al.  The benefit
of both catalytic effects can be realized in materials containing a combination of both
titanium and zirconium catalysts. After the initial dehydriding/rehydriding cycle, NaAlH4
which is doped with titanium and/or zirconium are stabilized with a greater than 4 wt %
cyclable hydrogen capacity.  The unset of rapid dehydriding occurs in the titanium
containing materials at temperatures below 100 ˚C . A 100 g sample of the Ti/Zr doped
NaAlH4 has been successfully prepared and loaded into modular test beds at SNL.

Introduction

For decades, hydrogen has been targeted as the utopian fuel of the future due to its
abundance and environmental friendliness.  A major difficulty in the utilization of hydrogen
as a fuel is the problem of onboard hydrogen storage.  High pressure and cryogenic
hydrogen storage systems are impractical for vehicular applications due to safety concerns
and volumetric constraints.  This has prompted an extensive effort to develop solid
hydrogen storage systems for vehicular application.  Metallic hydrides (Sandrock et al.
1992; Sandrock 1995), activated charcoal (Carpetis and Peshka, 1980; Agarwal et al.,
1987) and carbon nanotubules (Dillon et al., 1997) have been investigated as hydrogen
carriers.  Unfortunately, despite decades of extensive effort, especially in the area of
metallic hydrides, no material has been found which as has the combination of a high
gravimeteric hydrogen density, adequate hydrogen dissociation energetics, and low cost
required for commercial vehicular application (Suda and Sandrock, 1994).



The dehydrogenation of NaAlH4 is known to occur by a multistep process involving the
reactions seen in equations 1 and 2 (Dymova, 1975).  This process is thermodynamically

3 NaAlH4      ---------->     Na3AlH6 + 2 Al + 3 H2        (1)

Na3AlH6       ---------->     3 NaH + Al + 3/2 H2             (2)

favorable at moderate temperatures.  However, it is characterized by very slow kinetics
(Dymova, 1975) and reversibility only under severe conditions (Dymova, 1974).  Thus
despite favorable thermodynamics and a high available hydrogen weight percentage,
NaAlH4 was precluded from consideration as a potential hydrogen storage material until it
was recently discovered that titanium doping of NaAlH4 significantly enhances the kinetics
of hydrogen desorption and renders the dehydriding process reversible under moderate
conditions (Bogdanovic and Schwickardi, 1997;  Jensen et al., 1999; Zidan et al., 1999).
Bogdanovic found that the onset of the initial dehydriding was lowered by ≈50 ˚C upon
titanium doping by evaporation of an ether suspension of NaAlH4 which contained 2 mol

% of titanium tetra-n-butoxide, Ti(OBun)4 (Bogdanovic and Schwickardi, 1997).  We

subsequently found that homogenization of NaAlH4 with Ti(OBun)4 resulted in a lowering
of the dehydriding temperature by ≈75 ˚C and markedly improved cyclable hydrogen
capacities  (Jensen et al., 1999).  These findings represented a breakthrough in the
application of this class of hydrides to hydrogen storage.  However, further kinetic
enhancement of the dehydriding process is required to produce a material that is suitable for
practical vehicular applications.  It was therefore of interest to investigate whether further
improvement of the kinetics of the reversible dehydriding of NaAlH4 could be achieved by
other transition metal catalysis. During the past year we have screened a variety of other
transition metal complexes as catalyst precursors.  We have found that the dehydrogenation
kinetics of NaAlH4 are also significantly enhanced upon doping with zirconium through
homogenization with Zr(OPr)4.  While zirconium was found to enhance the dehydriding
kinetics of NaAlH4, the catalytic action is seen to be different than that of titanium.
Furthermore, we have found that the differing catalytic effects of titanium and zirconium
can be carried out in concert.  In order to evaluate the feasibility of a hydrogen storage
system based on this type of material, we have prepared a 100 g sample of the Ti/Zr doped
NaAlH4 which is being studied in modular test beds at Sandia National Laboratory.

Results

Catalytic Effect of Zirconium.

Zirconium doped NaAlH4 was prepared by homogenizing freshly recrystallized hydride
with Zr(OPr)4 under an atmosphere of argon. Hydrogen evolution from samples of the
zirconium doped hydride was studied by thermal programmed desorption (TPD).  Plots of
the desorbed hydrogen weight percentage as a function of temperature are seen in Figure 1.
The discontinuity in the desorption curves reflects the difference in activation energies of
the dehydriding reactions seen in equations 1 and 2.  In contrast to the titanium doped
material, the catalytic effect is most pronounced for the dehydriding of Na3AlH6 to NaH
and Al (equation 2) rather than the dehydriding of NaAlH4 to Na3AlH6 and Al (equation
1).  In view of the closely related chemistry of titanium and zirconium, it is surprising that
their primary catalytic effects are exerted on different reactions in the dehydriding process.  



                   
Figure 1 - Effect of dehydriding/rehydriding cycles on thermal programmed desorption (2
˚C min-1) of hydrogen from NaAlH4 doped with zirconium by the homogenization method.
        

The rehydriding is also catalyzed by the zirconium doping.  As observed for titanium doped
NaAlH4 (Bogdanovic and Schwickardi, 1997; Jensen et al., 1999), recharging of the
dehydrided materials can be achieved at 170 ˚C and 150 atm of hydrogen pressure.

Cycling Studies

After the preliminary cycle of dehydriding/rehydriding, the TPD spectra of the zirconium
containing materials showed excellent reproducibility. As seen in Figure 1, the temperature
required for dehydriding is consistently 20 ˚C lower than for the first cycle. Similar
behavior was observed in a parallel study of materials doped with 2 mol % titanium
through our homogenization technique.  As seen in Figure 2, the temperature required for
the dehydriding reactions is lowered by 20 ˚C after the preliminary dehydriding/rehydriding
cycle.  The unset of rapid dehydrogenation at 100 ˚C in the titanium doped material is
noteworthy as it suggests the application of these materials as hydrogen carriers for
onboard fuel cells.     

The hydrogen capacity of these materials drops to 4.5 wt % in the second cycle but is also
stabilized by the third cycle. We previously noted similar stabilization of the hydrogen
storage capacity in titanium doped NaAlH4 which was prepared through our
homogenization technique (Jensen et al., 1999).



                     
Figure 2 - Effect of dehydriding/rehydriding cycles on thermal programmed desorption (2
˚C min-1) of hydrogen from NaAlH4 doped with titanium through the homogenization
(advanced) method.

Tandem Titanium/Zirconium Catalysis

The chain of advancement in the development of metal catalyzed NaAlH4 is illustrated
through comparison of the TPD spectra of the third dehydriding cycle of variety of doped
materials.  As seen in Figure 3, hydride which was doped with titanium through the
method of Bogdanovic has a cyclable hydrogen capacity of 3.2 wt % and dehydriding
behavior that is markedly improved over undoped NaAlH4.  Titanium doping through our
homogenization technique further enhances the kinetics of the first dehydriding reaction and
improves the cyclable hydrogen capacity to 4.0 wt %.  The zirconium doped material
shows enhancement of the kinetics of the second dehydriding reaction and a further
improved cyclable hydrogen capacity of 4.5 wt %.  However, the kinetics of the first
dehydriding reaction in this material are inferior to those of material that is doped with
titanium through this method.   

In order to determine the compatibility of the catalytic action of zirconium and titanium, a
sample was prepared in which NaAlH4 homogenized with 1 mol % of both Zr(OPr)4 and

Ti(OBun)4.  The sample was then stabilized by 3 dehydriding/rehydriding cycles.  As seen
in Figure 3, the TPD spectrum of the titanium/zirconium doped material is a virtual
superposition of the first segment of the curve for the titanium doped material and the
second segment of the zirconium doped material. Thus titanium and zirconium can act in
concert to optimize the dehydriding/rehydriding behavior of NaAlH4.

Large Scale Synthesis of Titanium/Zirconium Doped NaAlH4.

The discovery that Ti/Zr doped NaAlH4 undergoes reversible loss of observed >4 weight
percent hydrogen at temperatures as low as 100 ˚C is very encouraging.  However, a



                                   
Figure 3 - Thermal programmed desorption (2 ˚C min-1) of hydrogen from various doped
samples NaAlH4 after 3 cycles of dehydriding/rehydriding.

hydrogen storage system based on this material is feasible only if long term cycling stability
can be maintained in bulk.  Thus long term cycling studies have been planned in
collaboration with Sandia National Laboratory.  A 100 g sample of the Ti/Zr doped
NaAlH4 has been successfully prepared and loaded into modular test beds at SNL.  The
material will be monitored through 100 dehydrogenation/rehydrogenation cycles in order to
determine its long term stability.

Conclusions

While zirconium is inferior to titanium as a catalyst for the dehydriding of NaAlH4 to
Na3AlH6 and Al, it is a superior catalyst for the dehydriding of Na3AlH6 to NaH and Al.
Our studies show that the benefit of both catalytic effects can be realized in materials
containing a combination of both titanium and zirconium catalysts. After the initial
dehydriding/rehydriding cycle, NaAlH4 which is doped with titanium and/or zirconium are
stabilized with a nearly 4.5 wt % cyclable hydrogen capacity.

We have found that the dehydriding kinetics of NaAlH4 are significantly enhanced through
zirconium doping.   While zirconium is inferior to titanium as a catalyst for the dehydriding
of NaAlH4 to Na3AlH6 and Al, it is a superior catalyst the dehydriding of Na3AlH6 to
NaH and Al.  The benefit of both catalytic effects can be realized in materials containing a
combination of both titanium and zirconium catalysts. After the initial
dehydriding/rehydriding cycle, NaAlH4 that is doped with titanium and/or zirconium is
stabilized with a greater the 4 wt % cyclable hydrogen.  The occurrence of rapid
dehydriding in the titanium containing materials at temperatures below 100 ˚C suggests
their application as hydrogen carriers for onboard fuel cells.



Future Work

Thermodynamic and kinetic parameters the dehydriding and rehydriding processes are
required to calculate the optimum temperatures and pressures for hydrogen storage systems
based on catalytically enhanced NaAlH4.  In order to obtain these values, we will
determine PCT curves and carry out kinetic measurements of Ti/Zr doped NaAlH4 in the
80-130 ˚C temperature range.  The sensitivity of the materials to the trace hydrogen
contaminants: O2, CO, CO2, and H2O will also be investigated.  Ternary hydrides in
which the sodium of NaAlH4 is partially substituted by potassium, alkaline earth metals,
and transition metals will also be synthesized. The PCT curves of these materials will be
determined in order to gauge the effect of the substitutions on the plateau hydrogen
pressures.
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Abstract

This paper presents an analytical and experimental evaluation of the applicability of insulated
pressure vessels for hydrogen-fueled light-duty vehicles. Insulated pressure vessels are
cryogenic-capable pressure vessels that can be fueled with liquid hydrogen (LH2) or ambient-
temperature compressed hydrogen (CH2). Insulated pressure vessels offer the advantages of
liquid hydrogen tanks (low weight and volume), with reduced disadvantages (lower energy
requirement for hydrogen liquefaction and reduced evaporative losses).

The purpose of this work is to verify that commercially available aluminum-lined, fiber-wrapped
vessels can be used for cryogenic hydrogen storage. The paper reports on previous and ongoing
tests and analyses that have the purpose of improving the system design and assure its safety.

The analytical and experimental results carried out until now indicate that it may be possible to
use fiber-wrapped aluminum-lined vessels for operation at LH2 temperature and high pressure.
Required future tests are described that will assure vessel safety under daily operating conditions.



Introduction

Hydrogen-fueled vehicles present features that make them serious candidates as alternatives to
today’s petroleum-powered vehicles. Hydrogen vehicles can use the advanced technology of
electric vehicles to improve environmental quality and energy security, while providing the
range, performance, and utility of today’s gasoline vehicles.

Probably the most significant hurdle for hydrogen vehicles is storing sufficient hydrogen on
board. Hydrogen storage choices can determine the refueling time, cost, and infrastructure
requirements, as well as indirectly influence energy efficiency, vehicle fuel economy,
performance, and utility. There are at least three viable technologies for storing hydrogen fuel on
cars. These are: compressed hydrogen gas (CH2), metal hydride adsorption, and cryogenic liquid
hydrogen (LH2), but each has significant disadvantages.

Storage of 5 kg of hydrogen (equivalent to 19 liters; 5 gallons of gasoline) is considered
necessary for a general-purpose vehicle, since it provides a 320 km (200 mile) range in a 17
km/liter (40 mpg) conventional car; or a 640 km (400 mile) range in a 34 km/liter (80 mpg)
hybrid vehicle or fuel cell vehicle. Storing this hydrogen as CH2 requires a volume so big that it
is difficult to package in light-duty vehicles (Pentastar Electronics, 1997), and heavy-duty trucks.
The external volume for a pressure vessel storing 5 kg of hydrogen at 24.8 MPa (3600 psi) is 320
liters (85 gal). Hydrides are heavy (300 kg for 5 kg of hydrogen, Michel et al., 1996), resulting in
a substantial reduction in vehicle fuel economy and performance.

Low-pressure LH2 storage is light and compact, and has received significant attention due to its
advantages for packaging (Braess and Strobl, 1996). Significant recent developments have
resulted in improved safety (Pehr, 1996a, 1996b) and fueling infrastructure (Hettinger et al,
1996). Disadvantages of low-pressure LH2 storage are: the substantial amount of electricity
required for liquefying the hydrogen (Peschka, 1992); the evaporation losses that may occur
during fueling low-pressure LH2 tanks (Wetzel, 1996); and the evaporation losses that occur
during long periods of inactivity, due to heat transfer from the environment.

An alternative is to store hydrogen in an insulated pressure vessel that has the capacity to operate
at LH2 temperature (20 K), and at high pressure (24.8 MPa; 3600 psi). This vessel has the
flexibility of accepting LH2 or CH2 as a fuel. Filling the vessel with ambient-temperature CH2
reduces the amount of hydrogen stored (and therefore the vehicle range) to about a third of its
value with LH2.

The fueling flexibility of the insulated pressure vessels results in significant advantages.
Insulated pressure vessels have similar or better packaging characteristics than liquid hydrogen
tanks (low weight and volume), with reduced energy consumption for liquefaction. Energy
requirements for hydrogen liquefaction are lower than for liquid hydrogen tanks because a car
with an insulated pressure vessel can use, but does not require, cryogenic hydrogen fuel. A
hybrid or fuel cell vehicle (34 km/l, 80 mpg) could be refueled with ambient-temperature CH2 at



24.8 MPa (3600 psi) and still achieve a 200 km range, suitable for the majority of trips. The
additional energy, costs, and technological effort for cryogenic refueling need only be
undertaken (and paid for) when the additional range is required for longer trips. With an
insulated pressure vessel, vehicles can refuel most of the time with ambient-temperature
hydrogen, using less energy, and most likely at lower ultimate cost than LH2, but with the
capability of having 3 times the range of room-temperature storage systems.
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Figure 1. Cumulative hydrogen losses in kg as a function of daily
driving distance, for vehicles with 17 km/liter (40 mpg); or 34 km/l
(80 mpg) fuel economy, for three cryogenic hydrogen storage
vessels.

Insulated pressure vessels also have much reduced evaporative losses compared to LH2 tanks.
This has been demonstrated in a previous work (Aceves and Berry, 1998), which presented a
thorough analysis of evaporative losses in cryogenic pressure vessels based on the first law of
thermodynamics. Figure 1 illustrates some of the main results. This figure shows hydrogen
losses during vehicle operation. The figure assumes that three vehicles are fitted with cryogenic
hydrogen storage tanks with the same capacity (5 kg). One vehicle has a low-pressure (0.5 MPa;
70 psia) liquid hydrogen tank. The other two vehicles have insulated pressure vessels, one with
multilayer vacuum superinsulation (MLVSI), and the other with microsphere insulation. The
vehicles are identical in every aspect, except for the tanks. The vessels are filled to full capacity
(5 kg) with liquid hydrogen, and then the vehicles are driven a fixed distance every day. When



the fuel runs out, the amount of fuel burned by the engine and the amount of fuel lost to
evaporation are calculated, and the results are shown in Figure 1. The figure shows total
cumulative evaporative hydrogen losses out of a full tank as a function of the daily driving
distance. The figure includes information for 17 km/l and 34 km/l cars respectively in the lower
and upper x-axes. As expected, evaporative losses increase as the daily driving distance is
reduced, because less driving results in a longer time for hydrogen evaporation. The figure shows
that a low-pressure LH2 tank loses hydrogen even when driven 50 km per day in a 17 km/l car
(100 km in a 34 km/l car). Losses from a low-pressure LH2 tank grow rapidly as the daily driving
distance drops. Insulated pressure vessels lose hydrogen only for very short daily driving
distances. Even a microsphere-insulated vessel does not lose any hydrogen when driven 10
km/day or more (20 km/day in the 34 km/l car). Since most people drive considerably more than
this distance, no losses are expected from insulated pressure vessels under normal operating
conditions (Aceves and Berry, 1998).

From an engineering and economic perspective, insulated pressure vessels strike a versatile
balance between the cost and bulk of ambient-temperature CH2 storage, and the energy
efficiency, thermal insulation and evaporative losses of LH2 storage.

Considering all the potential benefits of insulated pressure vessels, it is important to determine
what type of pressure vessel can be operated at both high pressure and cryogenic temperature. Of
the available pressure vessel technologies commonly used for vehicular storage of natural gas
(Institute of Gas Technology, 1996), it appears that aluminum-lined, composite-wrapped vessels
have the most desirable combination of properties for this application (low weight and affordable
price). However, commercially available aluminum-composite pressure vessels are not designed
for low temperature applications.

This paper describes a series of tests that have been done or are being planned for testing
whether commercially-available aluminum-fiber pressure vessels can be used at cryogenic
temperatures and high pressures, as would be required for vehicular hydrogen storage. The final
goal is to demonstrate the benefits of insulated pressure vessels while at the same time
guaranteeing safety for the users.

Previous and ongoing tests

Pressure and Temperature Cycling

Pressure vessels have been cycled through 900 high-pressure cycles and 100 low-temperature
cycles. The cycles are alternated, running 9 pressure cycles followed by a temperature cycle, and
repeating this sequence 100 times. This test is expected to replicate what would happen if these
vessels were used in a hydrogen-fueled car. Liquid nitrogen is used for low-temperature cycling
and gaseous helium for high-pressure cycling. To accomplish the required testing, an
experimental setup has been built inside a high-pressure cell. A schematic is shown in Figure 2.
The valves shown in the schematic are controlled by computer, which allows the system to run
with no supervision, resulting in fast cycling. An aramid-aluminum and a carbon fiber-aluminum
pressure vessel have been cycled. The characteristics of these are listed in Table 1.



Figure 2. Schematic of the experimental setup for temperature and pressure
cycling of pressure vessels.

Table I.  Characteristics of the Tested Hydrogen Vessels and their Planned
Insulation

Aramid-
Aluminum

Carbon Fiber-
Aluminum

Mass of hydrogen stored, kg 1.13 0.44
Vessel weight, kg 10 4.1
Internal volume, liters 17.6 6.8
Internal diameter, m 0.2 0.17
Internal surface area, m2 0.48 0.25
Design pressure, MPa (psi) 24.1 (3500) 31 (4500)
Performance factor1, m (106in) 13000 (0.5) 13115 (0.51)
Safety factor 3.0 2.5
Insulating material MLVSI2 MLVSI2

Thermal conductivity of insulator, W/mK 0.0001 0.0001
Insulation thickness, m 0.02 0.02
Heat transfer through accessories, W 0.5 0.5

__________________________
1 defined as burst pressure*volume/weight.
2 MLVSI = multilayer vacuum superinsulation
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Figures 3 and 4 show respectively the variation of pressure and temperature as a function of time
for the cyclic test of an aramid-aluminum pressure vessel. The figures show pressure and
temperature for 9 consecutive pressure cycles and a cryogenic cycle. This sequence is repeated
100 times for each vessel test. During the pressure cycles, the pressure is increased rapidly to the
working pressure and reduced down to a low value. The pressure cycles take about 15 minutes.
After the pressure cycles, the vessel is cooled down with liquid nitrogen at ambient pressure. At
the end of the cryogenic cycle, the pressure is raised slightly to vent the liquid nitrogen contained
in the vessel.

emptying of vessel

cryogenic cycle

0 1000 2000 3000 4000 5000

Time, seconds

0

5

10

15

20

25

P
re

ss
ur

e,
 M

P
a

pressure cycles

Figure 3. Pressure as a function of time during cycle testing of the aramid-
aluminum pressure vessel.

Figure 4 shows temperature during the vessel cycling experiment. Temperature was measured
with thermocouples in three locations: on the external surface of the pressure vessel (on the
fiber-epoxi surface) near the top and near the bottom of the vessel; and on the external surface of
the liquid nitrogen (LN2) line. For the cyclic test, the vessel was insulated with 2 cm of rubber
insulation. Due to the low performance of the rubber insulation, the temperature outside the
vessel was significantly higher than the temperature inside the vessel. A preliminary test was
performed to verify how cold the external surface of the vessel had to be for the vessel to be full
of LN2. It was found that cooling the vessel until the external thermocouple indicates –80oC is
necessary for obtaining complete filling of the vessel. This temperature was then used to decide



when the cryogenic cycle was complete. The figure also shows that the temperature of the
pressure vessel increases substantially during the pressure cycles due to compression work. This
guarantees that all the thermal cycles are initiated at ambient temperature or higher.
Two cyclic tests have been completed to date. The vessels have not failed during the test, and
they have not shown superficial evidence of damage under observation. The carbon fiber-
aluminum vessel was instrumented with strain gages in addition to the thermocouples and
pressure sensor. Results from the strain gages will be used for validating the finite element
analysis.
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Figure 4. Temperature as a function of time during cycle testing of the aramid-
aluminum pressure vessel. The figure shows three temperatures measured at
locations on the external surface of the vessel and inlet liquid nitrogen line.

Ultrasound

Cycled vessels have been sent to ultrasound evaluation for a more complete analysis of damage
due to cycling. Ultrasonic nondestructive test methods employ high-frequency mechanical
vibrational energy to detect and locate structural discontinuities or differences of a variety of
materials. An electric pulse is generated in a test instrument and transmitted to a transducer,
which converts the electric pulse into mechanical vibration. These low energy-level vibrations
are transmitted through a coupling liquid into the test object, where the ultrasonic energy is
attenuated, scattered, reflected, or resonated to indicate conditions within the material. Reflected,



transmitted, or resonant sound energy is reconverted to electrical energy by a transducer and
returned to the test instrument, where it is amplified. The presence, position, and amplitude of
the echoes indicate conditions of the test-object material (Bray and Stanley, 1997).

Figure 5. End view of an aramid filament-wound composite vessel with an
aluminum liner being scanned under water in an ultrasonic scanner.

Two aramid-aluminum vessels were imaged with immersion ultrasonics (Figure 5). One of the
vessels had been cycled at high pressure and low temperature, as previously described. The other
vessel was used as a control vessel and was not cycled.  The vessels were scanned with pulsed
echo ultrasound. Ultrasonic data were collected on the cylindrical portion of each vessel using a
1 MHz, 1-inch diameter probe. Figure 6 shows how the transducer was positioned on the
cylinder, the direction the data were acquired, and the scan area.



Figure 6. Schematic of the setup and alignment of an aramid filament wound
composite vessel with an aluminum liner during ultrasound testing.

Figure 7. Ultrasound image of two test vessels: a vessel that was cycled over 1000
pressure and cryogenic cycles, and a pressure vessel that has not been cycled, used for
control.
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The ultrasound equipment produces a view of the part that indicates the axial and transversal
position of flaws. Flaw depth may be indicated with different shades of gray or different colors.
The immersion technique typically uses water as the coupling medium and the probe can be
readily indexed for direct input into a data analysis system.

The data displayed in the horizontal (longitudinal) direction of each image were acquired every 1
mm for a total length of 650 mm. The data displayed in the vertical (transversal) direction was
acquired every 2 degrees for 360 degrees. Ultrasonic C-scan images of the two vessels are shown
in Figure 7. Reflected amplitudes in Figure 7 are mapped according to the gray scale bar. The
highest amplitude reflections, indicating delamination within the aramid composite, are shown in
white. The lowest amplitude reflection indicating areas of good bond is shown in black. The
cycled vessel shows several areas of delamination. The control vessel shows good bond overall
with a few locations of partial bond. The figure indicates that cryogenic cycling of the vessel
may produce enough stresses within the fiber to result in delamination. However, it is considered
that this damage should not cause any reduction in pressure vessel performance at high pressure,
because the fibers tend to reattach when the vessel is pressurized. To verify this hypothesis, it is
necessary to burst-test the pressure vessels.

Burst Test

The aramid-aluminum and the carbon fiber-aluminum pressure vessels were burst-tested after
being cycled and ultrasound-tested. The burst test was conducted according to the Code of
Federal Regulations-Department of Transportation standards for pressure vessel certification
(CFR-DOT, 1996a). Figure 8 shows the variation of pressure as a function of time for the
aramid-aluminum vessel. The burst pressure was 94.17 MPa (13.7 ksi), which is substantially
higher than the minimum burst pressure of 72.4 MPa (10.5 ksi). The very high value of the burst
pressure compared to the minimum burst pressure may be due in part to work hardening that
took place during the cycling of the vessel. The carbon fiber-aluminum also failed at a pressure
higher than the minimum required.

Finite Element Analysis

Cyclic, ultrasound and burst testing of the pressure vessels is being complemented with a finite
element analysis, which will help to determine the causes of any potential damage to the vessel
during low temperature operation. Finite element analysis is currently in progress. A mesh has
been built and preliminary runs have been made. Physical properties of fiber-epoxi laminae were
obtained from available literature at ambient and cryogenic temperatures (Reed and Golda, 1994,
Morgan and Allred, 1989). Lamina properties are then converted into properties of the composite
matrix. This is done by using a computer program (Hull and Clyne, 1996). This program
assumes that the matrix is a homogeneous, orthotropic material. The properties of the matrix will
be used in the finite element thermal and stress analysis. Results of the finite element analysis
will be validated by comparison with the strain gage measurements.
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Figure 8. Pressure as a function of time during the burst test of the aluminum-
lined, aramid-wrapped vessel. The burst pressure was 94.17 MPa (13657 psig).

Insulation Design

The pressure vessels will be insulated with multilayer vacuum superinsulation (MLVSI). MLVSI
has a good thermal performance only under a high vacuum, at a pressure lower than 0.01 Pa
(7.5x10-5 mm Hg, Kaganer, 1969). Therefore, the use of MLVSI requires that an outer jacket be
built around the vessel. The design of the insulation is shown in Figure 9. The insulation design
includes access for instrumentation for pressure, temperature and level, as well as safety devices
to avoid a catastrophic failure in case the hydrogen leaks into the vacuum space.

Keeping a vacuum inside the insulation space requires a control of the outgassing of the
materials that are in contact with the vacuum. Usually this is a straightforward procedure for
vacuum systems that have all surfaces made of metal. However, in this case, one of the surfaces
in contact with the vacuum is a fiber-epoxi surface, that is capable of substantial outgassing. In
addition to this, the outgassing obtained from this surface is not documented in the literature. To
evaluate surface outgassing, a pressure vessel was tested as shown in Figure 10. The test vessel
was placed inside a vacuum chamber. A turbo pump was connected to the vacuum chamber, and
a calibrated valve was placed between the vacuum chamber and the turbo pump. Vessel
outgassing is then determined by measuring the difference in pressure across the calibrated



valve. The results of the outgassing experiment are shown in Figure 11. This figure shows
pressure in the vacuum chamber (vessel) and in the turbo pump as a function of time. The figure
also shows outgassing rate. The experiment was conducted for 90 hours. The pressure in the
vacuum chamber changed little during the length of the experiment, indicating that the vessel is a
large source of gas. Outgassing rate also drops only slightly during the experiment. The
outgassing experiment also included an analysis of the gas. This is mainly water vapor (90%)
and nitrogen (10%).

Figure 9. Insulation design for pressure vessel. The figure shows a vacuum
space, for obtaining high thermal performance from the multilayer insulation, and
instrumentation for pressure, temperature and level. Dimensions are given in cm.

Figure 10. Schematic of the experimental setup to investigate the outgassing rate
of the pressure vessel material (fiber and epoxi) under vacuum conditions.
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Information on outgassing rates and composition will be used to calculate the type and quantity
of adsorbent (getter) material necessary to keep the high vacuum required. A preliminary
literature review (Carretti, 1995; Manini, 1997) indicates that it may be possible to use
commercially available adsorbents for this application.
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Figure 11. Pressure of the turbo pump and vacuum chamber and outgassing rate
as a function of time during the pressure vessel outgassing experiment.

Pressure Test and Cryogenic Temperature Shock Conditioning

The aramid-aluminum pressure vessel insulated with MLVSI will be pressure tested and shock-
conditioned. Pressure and shock test will be done in preparation for liquid hydrogen fill tests,
described in the next section. The vessel will be equipped with temperature, pressure and level
sensors, necessary for determining the amount of fluid contained in the vessel. The experimental
setup for this test is the same as previously used for cyclic testing (Figure 3). The test procedure
will be as follows: The vessel will be pressurized with compressed helium to 1.2 times the
Maximum Allowable Working Pressure (MAWP). The pressure will be held for a minimum of
30 minutes. Then, the pressure vessel will be shock conditioned by cycling it 3 times to low
temperature with liquid nitrogen. Finally, The vessel will be leak tested with helium to 0.25
times the MAWP. Any leakage detected with a mass spectrometer leak detector is unacceptable.



Testing of a Pressure Vessel with Liquid and Gaseous Hydrogen

The shock tested insulated pressure vessels will be transported to a remote facility for testing
with liquid and gaseous hydrogen. Testing will involve filling the vessel with LH2 to study the
insulation performance, the accuracy of the sensors, and the problems involved with pumping the
LH2 into the vessel. The vessel will also be pressurized with compressed hydrogen to the
working pressure. This test is expected to replicate what would happen to the vessel during
fueling and operation in an LH2-fueled car.

Future Work

Future plans include testing of insulated pressure vessels to a level equivalent to those used for
pressure vessel certification by institutions such as the Department of Transportation (DOT), the
Society of Automotive Engineers (SAE) and the National Fire Protection Association (NFPA).
These institutions have established test procedures for pressure vessels that guarantee safety
under regular operating conditions. A list of required tests has been extracted from the standards.
Successful completion of these tests by insulated pressure vessels will guarantee a level of safety
comparable to certification by DOT, SAE and NFPA. The list of planned tests is:

• Cycling, ambient temperature. 10000 cycles from less than 10% of the service pressure to the
service pressure, 10 cycles per minute maximum (CFR-DOT, Title 49, 1996a). Each test
cylinder must withstand the cycling pressurization test without any evidence of visually
observable damage, distortion, or leakage.

• Cycling, environmental. 10 cycles per minute maximum. 1) 5000 cycles from zero to service
pressure with tank at 60oC (140oF) and air at ambient temperature and 95% humidity,  2)
5000 cycles from zero to service pressure with tank at –51.1oC (-60oF) and air at ambient
temperature,  3) 30 cycles from zero to service pressure, ambient conditions 4) burst test the
cycled vessel (CFR-DOT, Title 49, 1996a). Each test cylinder must withstand the cycling
pressurization test without any evidence of visually observable damage, distortion, or
leakage.

 
• Cycling, Thermal. 10 cycles per minute maximum. 1) 10 000 cycles from zero to service

pressure at ambient temperature, 2) 20 thermal cycles with tank temperature varying from
93.3oC (200oF) to –51.1oC (-60oF) at service pressure, 3) burst test the cycled vessel (CFR-
DOT, Title 49, 1996a). Each test cylinder must withstand the cycling pressurization test
without any evidence of visually observable damage, distortion, or leakage.

• Hydraulic Burst. Pressurize the cylinder to the required minimum burst pressure, and hold at
that pressure for a minimum of 60 seconds. Increase the pressure to failure (CFR-DOT, Title
49, 1996a). In no case may the burst pressure of any cylinder be less than the required
minimum burst pressure.

 
• Gunfire. Pressurize vessel with air or nitrogen to service pressure, and impact the vessel with

a 0.30 caliber armor-piercing projectile with a speed of 853 m/s (2800 ft/s). The cylinder is
positioned in such a way that the impact point is in the cylinder side wall at a 45o angle with



respect to the longitudinal axis of the cylinder. The distance from the firing location to the
cylinder may not exceed 45.7 meters (150 feet) (CFR-DOT, Title 49, 1996a). The cylinder
shall not fail by fragmentation.

 
• Bonfire. Pressurize cylinder with air or nitrogen to service pressure. Set pressure relief

devices to discharge at 83% of the cylinder test pressure. The cylinder shall be exposed to
fire until the gas is fully vented. The temperature measured in the surface tank exposed to the
fire has to be between 850 and 900oC (CFR-DOT, Title 49, 1996a). The venting of the gas
must be predominantly through the pressure relief device.

 
• Stress Analysis (yield strength, tensile strength, and elongation). Cut pieces from tank

(aluminum and composite) and test in universal machine (CFR-DOT, Title 49, 1996a).
Procedures and results have to be according to the ASTM standards.

 
• Drop Test from 3 m (10 ft). 1) The cylinder is dropped vertically onto the end, 2) the cylinder

is dropped horizontally onto the side wall, 3) the cylinder is dropped onto a 3.8 x 0.48 cm (1
½ x 3/16 inch) piece of angle iron, 4) after the drops, the vessel is cycled over 1000 pressure
cycles from 10% of service pressure to the service pressure, at 10 cycles per minute (CFR,
Title 49, 1996). The cylinder then has to be burst tested; the burst pressure of this vessel has
to be at least 90 % of the minimum burst pressure.

• Drop tests from 10 m and 3 m. 1) Drop from 10 m. The drop test subjects a full-size vehicle
fuel tank to a free-fall impact onto an unyielding surface from a height of 10 m. The fuel tank
is released by firing one or more explosive cable cutters simultaneously. The fuel tank
impacts the outer shell on the critical area as determined by the manufacturer. The fuel tank
is filled with an equivalent full weight of liquid nitrogen saturated to at least 1/2 the
maximum allowable working pressure of the fuel tank. 2) Drop from 3 m. The drop test
subjects a full-size vehicle fuel tank to a free-fall impact onto an unyielding surface from a
height of 3 m. The fuel tank is released by firing one or more explosive cable cutters
simultaneously. The fuel tank impacts the outer shell on the critical area as determined by the
manufacturer. The fuel tank is filled with an equivalent full weight of liquid nitrogen
saturated to at least 1/2 the maximum allowable working pressure of the fuel tank
(SAEJ2343, 1997). There shall be no loss of product for a period of 1 hour after the drop
other than relief valve operation and loss vapor between the filler neck and the secondary
relief valve in the case of a test involving the filler neck. Loss of vacuum, denting of the
vessel, piping and piping protection, and damage to the support system are acceptable.

 
• Flame test. The tank should contain an equivalent full level of liquid nitrogen saturated at one

half the maximum allowable working pressure (MAWP). The tank should be inverted and
subjected to an external temperature of 538oC (1000oF) for 20 minutes without the vessel
reaching relief pressure (SAE J2343, 1997)

 
• Test of welds (tensile, guided bend, alternate guided-bend, impact) (CFR-DOT, Title 49,

1996b; NFPA 52, 1998).
 



• Radiographic examination. One finished longitudinal seam shall be selected at random from
each lot and radiographed throughout its entire length (CFR-DOT, Title 49, 1996a).

Future plans include the installation of insulated pressure vessels into demonstration hydrogen-
powered vehicles. For this application, the NFPA (NFPA 57, 1996; NFPA 52, 1998), and CFR-
DOT (Title 49, 1996a) standards will be reviewed to prepare the required tests to guarantee the
safety of the operation.
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VEHICULAR HYDROGEN STORAGE USING LIGHTWEIGHT TANKS
(REGENERATIVE FUEL CELL SYSTEMS)
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Abstract

Energy storage systems with extremely high specific energy (>400 Wh/kg) have been designed
that use lightweight tankage to contain the gases generated by reversible (unitized) regenerative
fuel cells (URFCs). Lawrence Livermore National Laboratory (LLNL) will leverage work for
aerospace applications supported by other sponsors (including BMDO, NASA, and USAF) to
develop URFC systems for transportation and utility applications.

Lightweight tankage is important for primary fuel cell powered vehicles that use on-board storage
of hydrogen. Lightweight pressure vessels with state-of-the-art performance factors were
designed, and prototypes are being fabricated to meet the DOE 2000 goals (4000 Wh/kg, 12%
hydrogen by weight, 700 Wh/liter, and $20/kWh in high volume production). These pressure
vessels use technologies that are easily adopted by industrial partners. Advanced liners provide
permeation barriers for gas storage and are mandrels for composite overwrap.

URFCs are important to the efficient use of hydrogen as a transportation fuel and enabler of
renewable energy. H2/halogen URFCs may be advantageous for stationary applications whereas
H2/O2 or H2/air URFCs are advantageous for vehicular applications. URFC research and
development is required to improve performance (efficiency), reduce catalyst loading, understand
engineering operation, and integrate systems. LLNL has the experimental equipment and
advanced URFC membrane electrode assemblies (some with reduced catalyst loading) for
evaluating commercial hardware (not funded by DOE in FY1999).

LLNL industrial collaborations include: Conformable H2 storage development with Thiokol
Corp., PEM electrolyzer and URFC developments with Proton Energy Systems, Inc. (Proton),
and H2/halogen energy storage demonstration with Solar Reactor Technologies Group (SRT).
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Introduction

The LLNL effort to develop electrochemical energy storage systems occupies a crucial regime in
the adoption process for hydrogen technologies – between pure research/conceptual feasibility
and near-term demonstrations of commercial systems. This effort leaves as many component
innovations as possible to others, and seeks to integrate the best systems from the highest
performance, readily procurable components. The integration research and component testing
being undertaken has already uncovered many operational and design issues that might hinder the
use of breakthrough technologies of interest to the DOE and various aerospace sponsors (NASA,
BMDO, USAF, and DARPA). A focus on delivering energy storage to the most weight-sensitive
applications (aircraft and spacecraft) ensures that key technologies will be properly implemented
and combined to perform in real, upcoming vehicle demonstrations.

The two key technologies that LLNL is aggressively implementing are proton exchange
membrane (PEM) -based regenerative fuel cells (RFCs) and high-performance tankage for storing
compressed hydrogen and oxygen gases. Advanced PEM technology transforms power, while
advanced tankage stores energy. Both sets of components must support each other’s
specifications to deliver breakthroughs in energy storage. Tankage built from available
technologies must be lightweight and must cope with volume penalties, gas permeation, and
moisture handling to adequately furnish the breakthrough levels of specific energy that RFC
systems offer. Such multidisciplinary specifications have yet to be combined in the form of a
commercial product. Were it not for LLNL’s role as integrator leading industry, and as technical
monitor promoting relevant specifications from within DOE-funded demonstration efforts in
industry, these functional combinations of component performances would be years rather than
months away. In particular, the DOE-funded activities at Thiokol are delivering vehicle-
compatible hydrogen test tanks in support of DOE vehicle demonstrations (Golde 1999). The
supervision of and close interaction with this industrial demonstration project is one important
example of the real effort DOE is sponsoring at LLNL to convert research into demonstrations.

Another DOE-funded industrial demonstration effort, with Proton as prime contractor, has
recently been funded to introduce a PEM-based energy storage system into electrical utility
applications (Friedland 1999). Besides monitoring this field demonstration, LLNL has been and
will continue to be directly supporting Proton’s technology development by testing electrolyzer
and URFC cell stacks. In the cases of Proton, Thiokol, and Hamilton Standard (which currently
offers the most advanced electrochemical components), LLNL has achieved close cooperation
with industrial partners who hold the intellectual property. With these partners, LLNL is jointly
developing systems relevant to a wide spectrum of applications, as depicted in Figure 1. These
systems include high altitude long endurance (HALE) solar rechargeable aircraft (SRA), zero
emission vehicles (ZEVs), hybrid energy storage/propulsion systems for spacecraft, energy
storage for remote (off-grid) power sources, and peak shaving for on-grid applications (Carter
1998, de Groot 1997, Kare 1999, McElroy 1998, McElroy 1979, McElroy 1977, Mitlitsky
1999-a,b, Mitlitsky 1998-a,b,c,d,e,f,g, Mitlitsky 1996-a,b,c,d, Mitlitsky 1994, Mitlitsky 1993).
Energy storage for HALE SRA was the original application for this set of innovations, and a
prototype solar powered aircraft (Pathfinder-Plus) set another altitude record for all propeller-
driven aircraft on August 6, 1998, when it flew to 80,285 feet (24.47 km) (NASA 1998).
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Figure 1 - URFC Systems Have Mobile and Stationary Applications

Hydrogen Storage Goals

Requirements for RFC energy storage systems are similar across a wide range of applications.
Although stationary applications generally are not mass sensitive, they join a cluster of mobile,
vehicular, and transportable applications that might advantageously store and retrieve energy
with RFC systems. Those applications that are most mass sensitive are likely to find RFC
systems an enabling technology. All portable systems, all equipment that must ride in land or
flight vehicles, as well as the vehicles themselves are in this mass-critical category, as discussed
by the LLNL team (Mitlitsky 1999-a, Mitlitsky 1999-b). The LLNL RFC Systems effort is
pursuing the most mass sensitive applications where their dramatic specific energy advantages
will be clearest compared to secondary batteries. LLNL has also considered RFC systems that
use hydrogen/air or hydrogen/halogen chemistries instead of hydrogen/oxygen. Both of these
alternatives may emerge as advantageous in some stationary applications, as discussed in the
RFC Systems section herein.

Mass-sensitivity may be reduced in automobiles compared to spacecraft, but it cannot be
ignored. The reason why battery-powered automobiles are not capable of the ~380 mile (610 km)
range desired for electric vehicles is due to the mass compounding effect of the energy storage
system. Each kg of energy storage on the vehicle results in a 1.3-1.7 kg increase in vehicle mass,
due to the additional powerplant and structure required to move and support it. Therefore,

Remote Power
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lightweight tankage is required for energy storage systems to have sufficient specific energy in
order to achieve the specified range goal. Volume restrictions are an additional constraint on H2-
powered vehicles (RFC, primary fuel cell, or internal combustion) that are not designed from the
ground up to accommodate enough H2 to achieve attractive vehicle range. These vehicle design
issues have been studied extensively by Directed Technologies, Inc. (DTI). DTI is in regular and
detailed communication with the LLNL team and has provided the technical content of Figure 2
and the spreadsheet in Figure 3 (James 1999). Figure 3 states the assumptions for the 3.6 kg H2

storage target. Figure 2 shows how H2 density is related to temperature and pressure and its
impact on the DOE 2000 tankage goals. Three overlays of tank external volumes show the
relative sizes of tanks (and insulation) which store 3.6 kg of H2 at 34.5 MPa (300 K), 69 MPa
(300 K), and low pressure liquid H2 (20 K). The non-ideal compressibility of H2 at high
pressures is shown by the decreasing slopes of the density curves (constant temperature) and the
sag in the weight % curves (constant tank performance factor). The DOE goal of 12 weight % H2

at 5,000 psi (34.5 MPa), 300 K translates directly into the need for a tank with performance
factor of 1.85 million inch (47.0 km).

Figure 2 - DOE 2000 Tankage Goals

LLNL has served, and will continue to serve as a conduit for tankage design information between
DTI, DOE demonstration programs, and LLNL’s industrial partners who are producing high
performance H2 tanks. Besides technical management of the DOE-funded H2 tankage

DOE 2000 Goals of 12% H2 by Weight & 700 Wh/liter Relate Directly
to Tank Performance Factor, Storage Temperature and Pressure
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development at Thiokol (Golde 1999), LLNL is funded directly by DOE to develop advanced
tankage with significantly better performance. Tanks are being built to LLNL specifications, with
LLNL design and materials selection which realize the DOE 2000 Goals. No other H2 storage
technology is approaching this accomplishment, particularly in time for its projected feasibility
date. Existing H2 storage mass performance is simply inadequate to provide H2-fueled vehicles
with attractive range, while the DOE 2000 Goal was set to deliver competitive ranges. The
spreadsheet in Figure 3 shows the target mass for contained H2 that DTI provided as input to
LLNL’s tankage development program. From this table, a stored H2 mass of 3.6 kg is required for
a PNGV-like fuel cell vehicle with a range of 380 miles (610 km) for the EPA Combined Cycle.

Figure 3 - H2 Storage Needs for Battery Augmented Fuel Cell Powered Vehicles

Many of the advanced alternative vehicles this tankage technology enables face an adoption
barrier due to the lack of a hydrogen refueling infrastructure. RFC powered alternatives offer the
infrastructure independence of recharging from home electricity. Home hydrogen generation by
electrolysis also provides a transition to hydrogen fueled vehicles that can precede a hydrogen
infrastructure, yet the prospect of buying two PEM subsystems and ensuring their safe
operation is likely to be significantly more costly than an RFC system that can reverse chemical
to electrical conversion. Such electrically rechargeable vehicles resemble current alternative
vehicles powered by secondary batteries, but their weight advantages will give them the range
that is currently sacrificed to batteries.

AIV Sable
Fuel Cell
Vehicle

PNGV-Like
Fuel Cell
Vehicle

Future
Fuel Cell
Vehicle

Test Weight (kg) 1344 1032 1032

Drag Coefficient .33 .27 .20

Frontal Area (m2) 2.13 2.08 2.00

Rolling Resistance 0.0092 0.0072 0.0072

Fuel Cell Max. Power(kW) (88.5
km/h@7% grade) 39.2 29.8 28.1

Urban 80.3 mpg 106.2 mpg 112.7 mpg

EPA Highway 84.8 mpg 113.7 mpg 135.8 mpg

Combined 82.3 mpg 109.6 mpg 123.1 mpg

Urban 69.8 mpg 92.4 mpg 100.5 mpg

1.25xEPA Highway 62.5 mpg 82.4 mpg 102.9 mpg

Combined 66.5 mpg 87.9 mpg 101.6 mpg

kg H2 for 380 miles of
EPA Combined Cycle 4.7 3.6 3.1
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Advantages of URFCs

The energy storage requirements of a solar rechargeable aircraft (SRA) prompted LLNL to
commission a study of secondary batteries (Arthur D. Little 1993). Although its predictions for
lithium/ion and nickel metal hydride (NiMHx) batteries have recently been adjusted upward, the
basic result still holds strongly in favor of RFC systems. Of these, URFC systems that ‘unitize’
both electrolyzer and fuel cell functions in the same membrane and stack hardware are most mass
advantageous. Table 1 compares specific energy, a fundamental performance measure of any
energy storage technique, and distinguishes between theoretical and packaged performance for
various battery chemistries.

Table 1. URFCs Offer Higher Packaged Specific Energy than Secondary Batteries

Storage
System

Theoretical
Specific Energy

[Wh/kg]

Packaged
Specific Energy

[Wh/kg]
Comments

H2/O2 URFC 3660 400-1000 URFC with lightweight
pressure vessels

Li-SPE/MOx 735 220 Li-solid polymer electrolyte/
metal oxide, novel packaging

Ag/Zn 450 200 Excess Zn required for high
cycle life, low charge rate

Li/LiCoO2 735 150 Poor cycle life,
high capacity fade

Li/AlFeS2 515 150 ≥400°C thermal
management

Na/S 1180 150 ~350°C thermal
management

Li/TiS2 470 130 ~50% DOD for high cycle life
(900 cycles)

Li/ion 700 100 (135a) Projection revised
Nov. 1996

Ni/Zn 305 90 Excess Zn required, low specific
energy

Ni/MHx 470 70 (85a) MHx is metal hydride,
projection revised Nov. 1996

Ni/H2 470 60 Low specific
energy

Ni/Cd 240 60 Low specific
energy

Pb/acid 170 50 Low specific
energy

a Projection revised Nov. 1996, private communication, B.M. Barnett (A.D. Little, Inc.)

Batteries present a variety of drawbacks that help explain the numbers in Table 1, and provide
caveats that make them even less attractive compared to URFC based energy storage systems.
Due to reaction kinetics, not all reactants embodied in batteries’ electrodes are accessible, some
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cannot be reached and remain as useless weight after discharge. The faster a battery is discharged,
the more of its reactants are inaccessible. This effect gives batteries depth of discharge limitations
which fuel cells can ignore, since no component in a PEM is chemically changed by the reactions
that split water. The absence of consumable electrodes in PEM devices saves them considerable
packaging overhead that would otherwise be necessary to support heavy electrodes whose shape
changes during charge or discharge. An even more critical advantage of inert electrodes is their
avoidance of defect accumulation as they grow or shrink, which not only gives PEM devices long
life, it spares them from batteries’ trade off between cycle life and depth of discharge.

Because fuel cell systems store their reactants outside the electrochemically active cell stack, their
specific energy is limited by the mass of the reactant containers. In order to add more energy
capacity, these systems must increase their gas and water storage capacity, but the ratings of
their PEM stacks need not change. More power capacity is given by simply filling or draining the
same containers faster with bigger PEM stacks. Batteries do not offer such independent
specification of power and energy, their chemistry forces them to add more heavy reactants in
electrodes to increase either rating, burdening their user with unused capacity in the other
specification. Reactant containers suitable for PEM RFC energy storage systems do not need to
satisfy the complex requirements of battery packaging, but they must be sufficiently chemically
inert and impermeable.

LLNL is developing containers suitable for storing gaseous hydrogen and oxygen in the most
mass sensitive applications. These containers are pressure vessels derived from aerospace
pressure vessel technology. The earliest example of actual, hydrogen impermeable tankage
suitable for vehicular energy storage applications is likely to be produced by Thiokol later this
year, acting in close collaboration with LLNL under a DOE-funded program. Thiokol is
supplying a new tankage technology called ‘conformable’ tanks, which sacrifice mass
performance compared to cylinders but should be ideal for retrofitting the gas tank volumes of
existing vehicle designs. Thiokol’s configuration has been adapted from designs for compressed
natural gas (CNG), that have been reconfigured for hydrogen service. This line of development
will be discussed extensively by Thiokol directly in another article in this volume (Golde 1999),
so that only its relevance to tankage development directly funded by the DOE at LLNL will be
discussed below.

Much of the complexity of battery technology is dispensed with in RFC systems, which don’t
have to store energetic chemicals as part of the electrode package. LLNL has chosen to explore
the URFC, since numerous detailed vehicle mass projections showed energy storage system mass
will be significantly reduced by using the same cell stack to convert energy in both directions.
Slight efficiency compromises could accompany the choice of a particular set of catalysts (on
oxygen and hydrogen sides of a PEM cell membrane) that must serve both electrolysis and fuel
cell operating modes. To date, no such performance compromises have been observed, while
characterization of unidirectional cell stacks, especially pure electrolyzers, has begun at LLNL in
parallel with URFC testing. Figure 4 shows LLNL’s existing URFC Test Rig, and its single cell
PEM stack, which has been used in previous years to establish the advantages of URFCs. No
activity related to URFC development was funded by the DOE in FY1999.
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LLNL’s URFC Test Rig       URFC Cell Stack (46 cm2, 1.1 MPa)

Figure 4 - URFC Test Rig and URFC Cell Stack at LLNL

Although much of LLNL’s URFC research has been reported elsewhere (Mitlitsky 1998-b,
Mitlitsky 1998-e, Mitlitsky 1998-g), and its lack of FY1999 DOE funding argues against its
presentation here, the interests of readers unfamiliar with this technology will be served by the
following highlight. URFC technology development continues at LLNL with industrial partners
(Mitlitsky 1999-a, Mitlitsky 1999-b), and DOE is supporting PEM electrolyzer work that may
lead to a URFC energy storage field demonstration at LLNL’s industrial partner, Proton
(Friedland 1999). The LLNL team used the apparatus in Figure 4 to refute assertions that
URFCs would not be capable of high cycle life, high performance, or reduced catalyst loading.
This was done with a series of sensitive measurements that showed essentially no degradation at
various current densities across more than 2000 cycles (Mitlitsky 1998-b, Mitlitsky 1998-e,
Mitlitsky 1998-g). LLNL has been able to persuade Hamilton Standard (an industrial partner that
supports LLNL’s aerospace-related energy storage projects) to supply URFC membrane and
electrode assemblies (MEAs) with reduced catalyst loading. This constitutes a major success in
probing the performance of the best URFC catalysts in aerospace service at economical precious
metal levels where this supplier has no current business interest. That research partnership
provided the MEAs that were used to measure the electrolyzer (cathode-feed electrolysis) and
fuel cell polarization curves shown in Figure 5, which are comparable to the best
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(nonregenerative) fuel cells and electrolyzers (Mitlitsky 1998-b, Mitlitsky 1998-e). Thus LLNL
has demonstrated the high cycle life, potential low cost, and lack of performance compromises of
URFCs.

Figure 5 - High Performance URFC Demonstrated With Reduced Catalyst Loading

USAF Funded Electrolyzers

Although not required by any DOE reporting obligations, the interests of readers interested in
URFC based energy storage systems will be served by a brief recap of LLNL work performed
under USAF sponsorship during the past fiscal year. This work has considerable overlap with
portable and solar-powered applications, due to the nature of the small spacecraft which are its
intended platform. The electrolyzer considered for this application includes an easy upgrade path
to the URFC, and although advanced tankage was developed only slightly during this project,
very high tank performance and synergies with vehicle structure will be necessary if later,
spaceworthy versions are to be advantageous compared to available space hardware.

A trade study was performed by Hamilton Standard in support of LLNL development of
advanced spacecraft for USAF applications. Its focus was electrolysis propulsion for spacecraft
(known as a “Water Rocket”), and its deliverables included three preliminary designs of
lightweight, high pressure PEM electrolyzers. This small spacecraft propulsion application
requires an electrolyzer that would be suitable for charging almost all portable, hydrogen-fueled
or oxygen-constrained applications. Static Feed PEM electrolyzers with nominal electrical power
inputs of 50, 100, and 200 W, were designed. Table 2 shows that these advanced designs were
sized in sufficient detail to predict all component masses. Prior technology that could address the
same applications includes vapor feed and high pressure anode feed electrolyzers. In 1986 a
vapor feed electrolyzer was assembled with polysulfone frames and a series of electrical and
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thermal conducting rings. More recently, anode feed electrolyzers have been tested that provide
higher pressure capability than the polysulfone frame design at lower weight per cell. These two
types of proven electrolyzers were incorporated into a cell design that supplies high pressure
oxygen and hydrogen free of liquid water. This has been accomplished using the Hamilton
Standard static feed electrolysis cell configuration and high pressure hardware design.

Table 2. Three Point Designs for Lightweight Static Feed Electrolyzers

Input Power 50 Watt 100 Watt 200 Watt
Number of Cells 16 16 16
Active Area/cell [in2 (cm2)] 1.39 (8.97) 2. 78 (17.9) 5.56 (35.9)
Mass of stack [lb (kg)] 1.15 (0.523) 1.74 (0.789) 2.83 (1.28)
Oxygen pressure [psi (MPa)] 2000 (13.8) 2000 (13.8) 2000 (13.8)
Hydrogen pressure [psi (MPa)] 1980 (13.7) 1980 (13.7) 1980 (13.7)
Water pressure [psia (MPa)] 15 (0.10) 15 (0.10) 15 (0.10)
Operating Temp. [°F (°C)] 70-160 (21-71) 70-160 (21-71) 70-160 (21-71)
Net electrolysis at 120°F (49°C) 2.8 g H2O/hr 5.6 g H2O/hr 11.1 g H2O/hr

Requirements for LLNL’s cell stack design included production of hydrogen and oxygen at 2000
psi (13.8 MPa), with water supplied at ambient pressure, long operating life, and as lightweight
as practical. Three separate cells were designed for three different power ratings, with active areas
of 22.2 in2 (143 cm2), 44.5 in2 (287 cm2), and 88.9 in2 (574 cm2). The 50 W, 100 W, and 200 W
units utilize the same 16 cell arrangement, so that the voltage drop for each stack was held
constant across all three designs. Each cell is equipped with thermal management provisions in
the form of heat conduction tabs to carry heat out of the stack, and power tabs for electrical
communication between individual cells, and with the power source. Individual cells are
electrically isolated within the stack and connected externally in series. Stack weight in the 100 W
unit was minimized with a combination of 16 cells each with a 0.019 ft2 (17.7 cm2) active area.
For this configuration, the cell outer diameter is 2.63 inches (6.68 cm) and end dome flange
diameter is 3.57 inches (9.07 cm).

Figure 6 - LLNL Design for 1.3 kg Static Feed 200-Watt Electrolyzer
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The 200 W cell stack design is shown in Figure 6. Heat transfer sheets are composed of thin
metal foils. Individual cells have a cavity which is ported to the end dome to maintain uniform
compression and contact throughout the stack. This cavity removes the need for separate
pressure pads, which helps reduce the weight of the cell stack. Stainless steel tie rods and lock
nuts are preloaded to compress the seal area and contain the high pressures in the oxygen and
hydrogen compartments. The three different sized units use 8, 12, and 20 tie rods respectively.
Options to convert this design to a URFC were discussed, although they cannot be presented in
similar detail, and amount to roughly a 25% weight to make this design reversible at the same
electrolyzer power rating. The low weight of this technology illustrates just how attractive the
best aerospace PEM technology could be for portable and mass-sensitive applications. Its
existence also argues strongly that high pressure, compact electrolytic generation of gaseous
hydrogen from water is a feasible option for refueling hydrogen powered vehicles.

Tankage

The energy-specifying components in LLNL’s storage systems have received the lion’s share of
DOE attention because tanks that meet the DOE 2000 goals are enabling for almost all hydrogen
powered vehicles (not just regenerative or fuel cell powered cars). Tankage mass puts a ceiling on
stored energy density. Even if the PEM cell stack and ancillaries weigh nothing, system specific
energy will be diluted by the mass required to contain reactants. Because cryogenic storage,
especially of hydrogen, is such a challenging frontier in itself, a different DOE funded effort
underway at LLNL is exploring its expected characteristics (Aceves 1999), and appears
documented elsewhere in these proceedings. The significant amount of thermal energy that must
be transferred to employ cryogenic hydrogen suggests that cryogenic energy storage media will
first find application in primary power plants. The LLNL team pursuing energy storage does not
have the energetic luxury to add and recover this significant thermal energy (hydrogen’s latent
heat of vaporization), so its system integration effort is pursuing the most mass effective storage
of gaseous hydrogen and oxygen.

The need for advanced development of compressed hydrogen tankage technology becomes
apparent when the specifications commensurate with energy storage applications are combined.
Aerospace tankage technology can take advantage of the best composite materials to contain the
gas pressure, but relies on liners for permeation control that are massive, ill-conceived, and pose
additional mass penalties for cycle life. Without extreme caution concerning the management of
residual moisture, the available metal liner options can poison RFC systems. Other forms of
tankage simply do not compete strongly with the best composites, as shown in Figure 7. That
figure compares a performance factor that is proportional to contained gas mass over tank mass
independent of tank scale. (In ideal gases the performance factor sizes tank mass independent of
operating pressure as well.) Detailed point designs showed the advantages of developing a tank
liner technology that could contain the most reactant (esp. hydrogen) for a given tank mass, and
the advantages of a thin liner technology appear in the rightmost bar of Figure 7.
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Figure 7 - LLNL Tank Designs Achieve the Required Tank Performance Factor

In order to package gaseous hydrogen into an automobile without enormous changes in vehicle
layout, a different approach to tankage makes sense for volume-constrained systems. The LLNL
effort is employing DOE funds in a high leverage opportunity to innovate this regime. The
tankage technology closest to delivering hydrogen pressure vessels suitable for many mobile
applications, including hydrogen-powered passenger vehicles, should soon exist through a
development program underway at Thiokol. Thiokol won a DOE contract to develop commercial
hydrogen pressure vessel technology for vehicular storage. LLNL serves as technical manager for
this development effort, and has intervened repeatedly to insure that Thiokol’s developments are
most likely to satisfy the true requirements of a hydrogen economy.

Much of the close collaboration between LLNL and the DOE tankage contractors, including Aero
Tec Laboratories (ATL) and Thiokol, anticipates the difficult qualification of a liner suitable for
resisting hydrogen permeation, matching the process requirements of subsequent composite
overwrap, and capable of a high-cycle-life interface with the tank’s boss/end detail. Although
Thiokol is contributing most of the design, and considerable intellectual property to the boss, all
three organizations have learned the necessity of close communication on liner design. Besides the
more mass-efficient cylindrical geometry, LLNL’s DOE funded development of advanced tanks
that will meet DOE 2000 Goals also makes use of Thiokol proprietary boss designs and the rest
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Lightweight H2 Tanks with Thin Plastic Liners Were Designed to Meet
the DOE 2000 Goals Using Easily Adopted Manufacturing Processes



13

of Thiokol’s composite winding capability (in order to assure rapid adoption). But the liner
technology LLNL is developing must effectively stop hydrogen permeation with a much thinner
layer in order to deliver the significant mass advantages forecast in Figure 7. The difficulties of
liner material selection were initially underestimated by all the available experts. Many of the
relevant material properties the LLNL/Thiokol/ATL team has learned to seek are summarized in
Table 3. An experimental program that extends this teams’ initial screening process is currently
underway which has selected three liner materials suitable to proceed into rotational molding
(now underway with new LLNL-owned tooling). This experimental program relies on an expert
testing contractor, Southern Research Institute (SRI), that has a long history of furnishing results
of Thiokol’s specified tests.

Table 3. Literature Survey of Some Polymers Considered for Tank Liners

Figure of Merit = 1 / (Gas Permeability * Density), normalized with HDPE ≡ 1

The LLNL effort to develop the next generation of advanced hydrogen tankage was able to take
advantage of existing SRI capability and further a broader understanding of hydrogen
permeability. Thiokol has internally funded a new facility at SRI capable of permeation testing at

Data are from Modern Plastics 1991 (Mid-October 1990 Issue Vol 67 (11), pp592-6 for Film & Sheet (supplemented with pp480-528 for Resins & Compounds) unless noted
Permeability to gases data (property #15) is given in units of [cc - mil / 100 in2 - 24 hr - atm] @ 25 °C (multiply by 3.886 to convert to [cc - 100 micron / m2 - 24 hr - bar] )
Figure Of Merit (FOM) is defined as 1 / (Gas Permeability * Density) and is normalized to HDPE (or MDPE if no HDPE data)
Boldface if H2 FOM is >5 (5 times better than MDPE) or if unknown and O2 FOM >5 (5 times better than HDPE)
Boldface and Red if H2 FOM is >25 (25 times better than MDPE) or if unknown and O2 FOM >25 (25 times better than HDPE)

Lo Hi Lo Hi Lo Hi H2 FOM (MDPE=1) O2 FOM (HDPE=1) Lo Usable Hi Usable Lo Hi

H2 H2 O2 O2 Density Density 1 / (Lo H2 Perm 1 / (Lo O2 Perm Temp Temp Melt Temp Melt Temp

Material Perm Perm Perm Perm g/cc g/cc * Lo Density) * Lo Density) °C [1] °C [1] °C [1] °C [1]
ABS (acronitrile butadiene-styrene) 50 70 1.04 — 3.35
Acrylonitrile methyl acrylate copolymer, rubberized 240 0 .5 0 .8 1 .15 6 .54 302.76 135
Cellulose acetate 835 117 150 1.28 1.31 1.69 1.16 230
Cellulose triacetate 150 1.28 1.31 — 0.91
Cellulose acetate butyrate 600 1000 1.19 1.23 — 0.24 140
Ethyl cellulose 2000 1.15 — 0.08 135
Regenerated cellulose (Cellophane) 1 .2 2 .2 0 .5 0 .8 1 .4 1 .5 1074.82 248.69
ECTFE (ethylene chlorotrifluorethylene copolymer) e.g. Halar [4] 25 36 1.66 1.7 — 4.19 -160 150 236 246
ETFE (ethylene tetrafluorethylene copolymer) e.g. Tefzel [4] 100 184 1.7 1.75 — 1.02 -190 150 265 278
FEP (fluorinated ethylene propylene copolymer) e.g. Teflon FEP [4] 2200 715 750 2.15 0.38 0.11 -190 200 260 290
PFA (perfluoroalkoxy) e.g. Teflon PFA [3,4] 296 1142 2.15 — 0.27 -200 250 300 310
PCTFE (polychlorotrifluoroethylene copolymer) e.g. Aclar 220 330 7 15 2.08 2.15 3.95 11.96 -200 180 183 204
PTFE (polytetrafluoroethylene) e.g. Teflon [1] 386 998 2.1 2.2 — 0.21 -200 260 320 340
PVF (polyvinyl fluoride) e.g. Tedlar [4] 58 3 7 .5 1 .38 1 .57 22.56 42.05 -70 100 185 190
PVDF (polyvinylidene fluoride) e.g. Kynar [2,4] 3 .4 14 1 .76 1 .78 — 29.09 -30 135 168 172
Nylon 6 (polyamide) extruded 90 110 2 .6 1 .13 17.76 59.25 210 220
Nylon 6 (polyamide) biaxially oriented 1 .2 2 .3 1 .16 — 125.06
Nylon 6/6 (polyamide) molding compound 1.13 1 .15 — — 255 265
Nylon 11 323 34 92 1 .02 5 .48 5 .02 191 194
Nylon 12 323 34 92 1 .04 5 .38 4 .92 160 209
Polycarbonate 1600 300 1.2 0.94 0.48
PET (polyester or polyethylene terephthalate) 100 3 6 1 .38 1 .41 13.08 42.05 245 265
Polyetherimide 37 1.27 — 3.70
LDPE (low density polyethylene) 1950 500 0.91 0.925 1.02 0.38 98 124
MDPE (medium density polyethylene) 1950 250 535 0.926 0.94 1.00 0.75 98 124
HDPE (high density polyethylene) 185 0.941 0.965 — 1.00 130 137
UHMWPE (ultrahigh molecular weight polyethylene) 0.94 — — 125 135
EVA (ethylene vinyl acetate copolymer) 840 0.924 0.94 — 0.22 103 108
Polyimide (e.g. Kapton) 250 25 1 .42 5 .09 4 .90
PMMA (polymethyl methacrylate) 1.14 1.26 — —
Polypropylene extrusion cast 1700 150 240 0.885 0.905 1.20 1.31 160 175
Polypropylene biaxially oriented 100 160 0.902 0.907 — 1.93
Polystyrene 250 350 1.05 1.06 — 0.66 74 110
Polyurethane elastomer 75 327 1.11 1.24 — 2.09 75 137
PVC (polyvinyl chloride) nonplasticized 3 10 4 30 1 .2 1 .5 501.58 36.27
PVC (polyvinyl chloride) plasticized 100 1400 1.2 1.4 — 1.45
Polysulfone 90 230 1.24 1.37 — 1.56
TFE/HFP/VDF terpolymer e.g. THV [4,5] 225 1.97 2.03 — 0.39 115 180
Vinyl chloride acetate copolymer nonplasticized 15 20 1 .3 1 .4 — 8.93
Vinyl chloride acetate copolymer plasticized 20 150 1 .2 1 .35 — 7.25
Vinylidene chloride vinyl chloride copolymer 4 55 0 .08 1 .1 1 .59 1 .71 283.92 1368.59
Vinyl nitrile rubber alloy 50 65 1.1 1.3 — 3.17

[1] Permeability & temp data from H. Fitz, "Fluorocarbon films-present situation & future outlook", Kunststoffe with German Plastics, vol 70(1) English trans. pp.11-16, Jan(1980).
[2] Lo O2 permeability data from [1].
[3] Use permeability data for air (O2 data not available) from [1].
[4] Use additional permeability data from Allied Signa Data Sheet "Fluoropolymer Barrier Properties", 12/4/95
[5] 3M Product Specifications including Form 33754-A-PWO December 13, 1993



14

high pressure (up to 5000 psi or 34.5 MPa) with hydrogen, as well as an unprecedented fixturing
arrangement that enabled the first-ever collection of permeation test data under controllable
biaxial strain (at the levels anticipated in tank liner service). This test capability has been made
available with Thiokol’s permission for LLNL research, and is illustrated in Figure 8. LLNL took
advantage of an earlier hiatus in Thiokol’s testing to procure ASTM-traceable calibration for all
subsequent measurements, confirming previous measurements made at LLNL on LLNL-
developed liners. LLNL, the USAF, and Thiokol IR&D funded significant additional hydrogen
permeation testing on a variety of candidate liner materials, as a function of pressure. The graph
in Figure 9 not only confirms the hydrogen permeability of several previously employed liner
materials, it extends the sparse earlier results to a much wider range of pressures, temperatures,
and materials. This new database, and the literature survey summarized in Table 3 have been used
to assess many relevant materials’ acceptability as thin liners for high pressure tankage.
Downselection is currently proceeding in parallel with rotational molding process development to
produce LLNL’s next generation of advanced liners (sufficient to enable DOE 2000 Goals).

Tests with gas ∆P up to 5 ksi (34.5 MPa) as a function of temperature & biaxial strain

Figure 8 - Schematic and Photos of Permeability Test Fixture at SRI
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Figure 9 - Measured Hydrogen Permeability of Several Candidate Liner Materials

Past Results

LLNL first attempted to fabricate thin tank liners (bladders) with a proprietary low permeability
laminate joined to thick end domes in 1995. These early thick liner domes were fabricated by
rotational molding, and their manufacture incorporated bosses molded in place. These early, very
thin sidewall bladders were used as inflatable integral mandrels for fabricating lightweight
pressure vessels. LLNL’s initial prototype vessels had estimated performance factors (Pb * V /
W) of 40 km (1.6 million inches).

Besides assisting the DOE in formulating a sensible competition for tankage development
activities, LLNL has been engaged in close technical collaboration and monitoring of the ensuing
Thiokol contract (Golde 1999). This collaboration has enabled the development of a new
generation of liners that are readily adopted by Thiokol due to the development work at Aero
Tec Laboratories (ATL), under LLNL direct sponsorship, assisted by permeation measurements
at Southern Research Institute (SRI).

SRI Measured the Permeability of Several Candidate H2
Containment Materials as a Function of H2 Delta Pressure

•  Permeability of Nylon-6 increased by an order of magnitude at 180°F (355 K) vs. 75°F (297 K)
•  Permeability of Nylon-6 decreased by an order of magnitude at -40°F (233 K) vs. 75°F (297 K)
•  Induced biaxial strain of 1% had little effect on Nylon-6 permeability
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These past years’ tankage developments have enabled energy storage systems designed for high
altitude solar rechargeable aircraft and spacecraft to be advantageously adapted to automotive
use. A primary fuel cell (FC) test rig was refurbished and converted into a uniquely capable
URFC test rig at LLNL, in order to integrate entire energy storage subsystems based on the
potential breakthrough specific energy performance such tankage can provide. This rig
accomplished LLNL’s groundbreaking result of FY1997: a URFC cell was tested using H2/O2 for
>2000 cycles and showed < a few percent degradation as both fuel cell & electrolyzer!

Subsequent years’ work has demonstrated high performance operation (>1000 ASF) of URFCs,
for operation in fuel cell and cathode feed electrolyzer modes (Mitlitsky 1998-b, Mitlitsky 1998-
e, Mitlitsky 1998-g). High performance operation (>2000 ASF) has also been reported for an
operating URFC in FC mode with 1 mg/cm2 catalyst loading. This argues strongly that URFCs
should not be dismissed on economic grounds, compared to primary fuel cells which have been
pursuing reduced catalyst loading possibilities for several years. LLNL URFC performance
demonstrations were extended to include a URFC operated on H2/O2 in fuel cell mode at 0.6 V to
>1000 ASF (>1.1 A/cm2) with 1 mg/cm2 catalyst loading in FY1998 (Mitlitsky 1998-b,
Mitlitsky 1998-e).

In FY1998 LLNL’s URFC test rig was upgraded to accommodate anode feed electrolysis, as well
as its previous capability to measure cathode feed electrolysis and FC modes of operation. At
roughly the same time, the LLNL team demonstrated rapid cycling (<60 s electrolysis/FC cycle)
of a URFC, allowing the accumulation of copious cycle life data that turned out to be enabling for
many energy storage applications. The LLNL team also negotiated and put in place agreements to
test Hamilton Standard and Proton Energy Systems proprietary hardware on loan to LLNL

Two patents were awarded to LLNL energy storage team members in 1998: F. Mitlitsky, B.
Myers, and F. Magnotta, “Lightweight bladder lined pressure vessels,” Disclosure and Record of
Invention, DOE Case No. IL-9722, U.S. Patent No. 5,798,156, August 25 (1998) and F.
Mitlitsky, J.B. Truher, J.L. Kaschmitter, and N.J. Colella, “Fabrication of polycrystalline thin
films by pulsed laser processing,” Disclosure and Record of Invention, DOE Case No. IL-9123,
U.S. Patent No. 5,714,404, February 3 (1998).

Current Year Results

During the current fiscal year, and in the preceding months since the FY1999 Program Review,
this same LLNL team designed a tank which holds ~8.5 lb (3.9 kg) H2. This design is the first
feasible instance of compressed hydrogen storage that attains the DOE 2000 goals of Pb*V/W
~1.85 million inches (~12% H2 by weight). A new generation of liners and tanks are being
developed under contract with ATL, SRI, and Thiokol to reach this important level of
performance. Figure 10 shows several pictures of bladders and tanks that have been developed by
LLNL and its industrial partners. The top/left set of four pictures shows the early prototype
fabricated in FY1996 (with estimated performance factor of 1.6 million inches) which used a
bladder with thin laminate that was joined to thick end domes and acted as an inflatable integral
mandrel for composite overwrap. The center left is a collection of fabricated bladders and
minimum gauge composite tubes that were funded by the USAF in FY1998. The bottom left
photo shows minimum gauge rotomolded liners and a composite pressure vessel fabricated using
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one such bladder as an inflatable integral mandrel. The photograph on the right in a lightweight
(2.3 kg) molded liner that is thin in the cylindrical section and grades to thickened ends as
required for the boss detail. Tanks fabricated using molded parts similar to the one shown should
be capable of achieving the DOE 2000 goals.

Figure 10 - Photos of LLNL/Thiokol/ATL Bladders and Tanks

Close collaboration and technical management of Thiokol has captured a significant understanding
of the issues that will govern successful liner development. The DOE tankage research and
development is beginning to furnish the first results of this collaboration in the form of Thiokol’s
first generation of conformable hydrogen tankage. The fruits of this research and development
activity should be available for incorporation into DOE’s various hydrogen application
demonstrations this year, with certification to the NGV2 safety standard. These conformable
units will be ideal for retrofitting existing vehicle designs to storing compressed hydrogen, while
LLNL’s directly developed DOE 2000 tanks should give “ground up” vehicle designs sufficient
range to compete with existing and alternative vehicles.

In the course of this collaboration, LLNL has deliberately acquired a large database of
permeability properties for polymers and laminates at pressure differentials up to 5 ksi (34.5
MPa). This database is augmented with permeability properties at varying temperatures and
induced biaxial strains (with varying pressure as a parameter). This database is currently being
downselected in parallel with actual liner fabrication. A mold has been designed and manufactured
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for rapid prototype of lightweight liners with graded thickness, and a new generation of liners
commenced fabrication using the new mold in time for DOE’s 1999 Annual Program Review.

LLNL has also built and successfully fielded a demonstration of solar powered PEM electrolytic
generation of pressurized H2/O2 combusted in a rocket engine. This is relevant to DOE interest in
source-leveling alternative energy supplies, as one of the first solar to PEM to hydrogen to
controlled energy release end-to-end demonstrations performed outside laboratory conditions.
Other recent activities that matter to DOE and may be relevant to the readers of this paper
include the recent commencement of technical management for the DOE’s Renewable H2 Utility
System programs involving SRT’s H2/halogen project and Proton’s PEM electrolyzer project.
Proton has recently coupled a PEM hydrogen generator to a SunDishTM system that generates
electricity during daytime operation by concentrating solar energy into a Stirling external heat
engine (Friedland 1999).

Plans for Future Work

The remainder of FY1999 is likely to encompass the design, fabrication, and testing of tank liners
that have improved temperature range and stress/strain characteristics. LLNL will support DOE
programs for development of conformable tanks, renewable H2 utility systems, and regenerative
fuel cell systems with assertive technical management of its industrial partners. If funds permit
the recertification of LLNL’s URFC Test Rig (currently shut down awaiting electrical rebuilding
to satisfy new safety concerns, the LLNL team hopes to test alternative PEM membranes and
catalyst mixtures for performance improvement of URFCs using H2/O2, H2/air, and/or H2/halogen
chemistries.

In the coming fiscal year (FY2000), the LLNL team expects to work closely with industry to
improve the cycle life and certify pressure vessel standards compliance of its directly developed
lightweight pressure vessels with advanced liner materials. This process should confirm the
achievement of the DOE 200 Goals, along with their implications for the range of future
compressed hydrogen fueled vehicles. This team hopes to work with a car company that is
willing to adopt DOE tankage technologies to further persuade the alternative fueled vehicles
community of the superiority of its hydrogen storage. The team also hopes to once again take
advantage of the electrolyzer and URFC Test Facility at LLNL to evaluate industrial PEM
hardware and provide systems integration research and development.

Status of Economic Evaluation/System Analysis

As the DOE has requested, the LLNL team has produced economic evaluations of the vehicular
hydrogen storage technology it is advocating in conjunction with Thiokol Corporation, Directed
Technologies Inc. (DTI), Toray Composites, and colleagues at LLNL. The major cost driver with
the most uncertainty is the cost of various grades of carbon fiber that may be achievable with
high volume production. Aggressive estimations for cost of high volume production of T1000G
(currently the highest strength-to-weight carbon fiber commercially available) suggest that its cost
can be reduced several-fold from its current cost of ~$70/lb ($154/kg). Figure 11 summarizes the
results of this spreadsheet bases economic analysis, and shows some of the graphics that have
been used to present economic performance projections.
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Figure 11 - Economic Evaluation/System Analysis for High Volume Tank Production

Although the use of T1000G will result in the lightest weight tanks, its cost premium must be
compared to lower strength/less expensive carbon fibers, such as M30SC with current cost of
~$30/lb ($66/kg), or to even lower strength/less expensive fibers, such as T700S with current cost
of $15-21/lb ($33-46/kg) or to Panex-33 with current cost of ~$8/lb ($18/kg). High volume cost
projections for these fibers (500,000 units/yr) have been estimated by DTI (with input from
manufacturers) to be $15-25/lb ($33-55/kg) for T1000G, $12-15/lb ($26-33/kg) for T700S, and
$5-6/lb ($11-13/kg) for Panex-33. M30SC would have an estimated high volume cost of $15-20/lb
($33-44/kg).

Assuming materials choices of Panex-33 at $5/lb ($11/kg) with a high density polyethylene
(HDPE) liner, the cost of a tank that is capable of storing 8.0 lb (3.6 kg) of hydrogen has been
estimated by DTI to be $841 ($78 for liner and bosses, $500 for fiber & resin, $69 for solenoid,
$117 for manufacturing, and a 10% cost contingency). These assumptions for Panex-33 result in
cost estimates of $105/lb ($231/kg) of hydrogen stored or $6.93/kWh. Note that by repeating this
analysis for a tank with similar capacity using T1000G, assuming a fiber cost of $15/lb ($33/kg),
the estimated tank cost in high volume production would be ~$1000/unit (~$125/lb or ~$275/kg
of hydrogen stored or ~$8.24/kWh). This estimate beats the DOE 2000 goal of $20/kWh, for a
tank that can meet the technical performance rigors of DOE 2000 Goals. The 3-fold increase in
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the price of T1000G fiber compared to Panex-33 fiber is largely offset with significantly less
fiber and resin, in addition to marginal decrease in manufacturing cost. (Note that the tank made
with Panex-33 would be ~75% heavier than the tank made with T1000G.) The above calculations
are based on aggressive assumptions for high volume fiber costs and for projected material
properties of Panex-33.

Goals and Basis for Goals

The main thrust of the LLNL team’s work in FY1999 has focused on close collaboration with
industrial partners to design, fabricate, and test moldable polymer liners which have improved
properties compared to high density polyethylene (HDPE). Continuing work with industrial
partners should reduce the liner mass of moldable polymer liners even further. Prototype tanks
should be tested in integrated leak tests to verify their adequately low permeation at ~1% strain.
This activity should complete the demonstration of a prototype tank design that is capable of
storing 8-8.5 lb (3.6-3.9 kg) hydrogen at 5000 psi (34.5 MPa) with >10% hydrogen by weight
(mass H2 / mass [H2 + tank]). If successful, this direct attempt will meet several of the DOE
2000 targets in a series of prototypes capable of 700 Wh/liter, specific energy of 4,000 Wh/kg,
and 12% H2 by weight. At least one of the fabricated demonstration tanks will be burst to begin
the long and costly process that would lead this technology to full hydrogen pressure vessel
safety certification (when funds are available).

When URFC testing at LLNL is funded again, the team will work to achieve the DOE fuel cell
performance goals (>1.1 A/cm2 (1000 ASF) @ 0.6 V in fuel cell mode for a single cell URFC)
using H2/air and/or reduced catalyst loading. A significant improvement in test rig construction
methods (in order to attain “touch safe” certification) has been required by changes in LLNL
inspection procedures, and all new requirements are being speedily addressed (as funds permit).
The LLNL URFC test rig is expected to be re-certified and back on line shortly, enabling the
independent confirmation of Proton’s claims about their URFC technology (with high catalyst
loading) and/or testing of URFC MEAs fabricated by Hamilton Standard Space & Sea Systems
with catalyst loading from 0.25 - 4 mg/cm2 on Nafion 105. The team will certainly exert close
technical supervision of Proton and Thiokol, as well as commencing the technical supervision of
SRT.

In FY2000 the LLNL energy storage team expects to demonstrate adequate temperature,
pressure, and humidity cycle life of this year’s prototype tanks. Funding should be sufficient to
fabricate a sufficient quantity (likely 5) of prototype tanks to allow a statistically-significant
confirmation of their burst pressure rating. Commencing NGV2 and integrated H2 leak rate testing
will begin the costly process of officially confirming the service worthiness of LLNL’s advanced
tankage technologies. Continuing tank economics information capture is likely as more tanks are
wrapped, tooling is developed, and industrial contacts are made.

The LLNL energy storage team hopes to achieve and surpass URFC performance goals from
FY1998 (not funded in FY1999) by testing new cell components with H2/air and/or further
reduced catalyst loading (<1 mg/cm2/electrode). These tests could show that URFCs are viable
for high volume applications, where catalyst loading is a significant cost component. Close
technical supervision of Proton, Thiokol, and SRT will provide DOE with the best technology,
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research, documentation, and value for several ambitious contracts. LLNL’s provision for a
technically assertive interface between various DOE-funded demonstration projects should also
be actively pursued in order to improve the chances that subsystems being developed can
actually work in the target vehicles and utility systems the DOE hopes to demonstrate.

Major Barriers to Meeting Goals

The technical superiority of the energy storage systems that LLNL is advocating is not in doubt,
but eventual adoption depends on high volume price reductions as well as public acceptance. The
cost of carbon fiber is the principal driver for tank costs. Using current performance data, DOE
cost targets can be met only with some fairly aggressive assumptions regarding future high
volume carbon fiber pricing. The extrapolation of carbon fiber prices over several orders of
magnitude in production volume is difficult to predict, since little price forecast information on
this recently introduced exotic material is available now.

The carbon fiber cost barrier applies to cylindrical as well as conformable tanks. Although
cylindrical tanks could provide lighter weight, less expensive storage, the design traditions and
existing practices/tooling/workforce puts significant burdens on the kind of “ground up” vehicle
design that could benefit from single large cylinders. Figure 12 illustrates the problem of packing
3.6 kg of hydrogen at 5000 psi into a passenger car, if not designed in from the ground up. A
single large cylinder (~46 cm OD x 122 cm long) can be placed under a raised rear seat or between
split front seats. Alternatively a ~30 cm OD x ~270 cm long tank can run the length of the car. If
the OD is kept to ~30 cm or less, packaging can be done into a sandwich floor construction, like
that found in the A-Class configuration. Besides finding the room for both tanks and passengers,
a complex cluster of safety and regulation issues remain to be resolved before new H2 mobile and
utility technology can be deployed in widespread applications. Technical superiority of the
alternatives that the LLNL team is developing may only win out over reduced development costs
once a market of significant size has opened up for this class of vehicle.

Vehicles with URFC energy storage are cost competitive with battery augmented primary fuel
cell powered vehicles and have the critical bootstrapping feature of carrying a hydrogen
infrastructure where the vehicle is driven. However, URFCs embody substantial intellectual
property and are currently available from few manufacturers. Experience with utility applications
could well change this situation, at least at a larger (> 50 kW) scale, yet operating experience with
energy storage systems built around electrochemical cell stacks is almost non-existent today,
closely held by a few experts, and generally decades old. Many components suitable for cost-
effective systems must be modified or re-engineered entirely from available parts designed for
other (primarily aerospace) uses. Less importantly, recent advances in electrochemical
membranes and catalysts for primary fuel cells have not yet been applied to URFCs. URFCs
have yet to be combined with lightweight ancillaries (including advanced pressure vessels)
capable of delivering breakthroughs in vehicular energy storage, so even critical systems’
performance demonstrations may be a few years away. Enroute to those demonstrations, control,
operations, and experimental procedures must be learned and perfected as system integration
progresses. As is manifestly true for their key components, cost reductions will be required to
make such systems economically competitive in almost every (including aerospace) application.
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Figure 12 - Tank Size and Location Considerations for Vehicular H2 Storage

Conclusions

URFC systems with lightweight pressure vessels have been designed for automobiles. These
energy storage systems are expected to be cost competitive with primary FC powered vehicles
operating on hydrogen/air with capacitors or batteries for power peaking and regenerative braking
(Mitlitsky 1999-b, Mitlitsky 1998-b, Mitlitsky 1994). URFC powered vehicles can be safely
and rapidly (< 5 minutes) refueled from high pressure hydrogen sources, when available, to
achieve driving ranges in excess of 380 miles (610 km). The employment of URFCs would save
the consumer the entire capital cost of a home hydrogen generation unit. That consumer would be
able to electrically recharge at any available electrical source, instead of being tethered to a single
home electrolysis unit. URFC-powered automobiles would still be able to rapidly refuel by direct
hydrogen transfer when a hydrogen infrastructure becomes available.

Whether electrically refuelable or not, a vehicle powered by compressed H2 (at 5,000 psi) is now
the system to beat, as DTI has concluded (James 1999). Such a vehicle offers: Low Weight
(>10% H2 fraction) while storing hydrogen in an acceptable volume, at an acceptable cost. Its
other advantages include high system simplicity, high safety, the potential for faster refills than
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its competitors, as well as expected support by a feasible H2 infrastructure (in both start-up and
mature phases).
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Abstract

Two of the engineering projects completed this year are described.  In the first, an air-
cooled hydride bed for use in a fuel cell laboratory at the University of Alaska, Fairbanks,
was built.  The second project is the conversion of a battery operated robotics vehicle to
fuelcell operation with onboard hydride-based hydrogen storage.

Introduction

Metal hydrides have inherent safety and volume density advantages over compressed gas
hydrogen storage.  However, these advantages are often offset in many applications by
the weight, cost and thermal integration requirements of hydride systems.  The utilization
of hydride technology for hydrogen storage in energy systems, therefore, requires
improvements in hydride bed design and implementation, as well as in improved hydride
materials.

Our approach is to use modeling, lab-scale experimental measurements and tests on
technology validation beds to develop and evaluate efficient designs for:

1. Minimizing weight and volume.
2. Maximizing  internal thermal conductivity and external heat transfer in order to

reduce thermal requirements and to reduce fill times of storage tanks.
3. Reducing the cost of fabrication.



This engineering activity is integrated with our materials development program (see
“Hydride Development for Hydrogen Storage” in this report) and attempts to improve the
overall performance characteristics of storage systems based on hydrides.

Previously, we developed a modular hydride storage system for a fuel cell powered
vehicle which utilized the water coolant loop of the fuel cell for thermal management.
The beds were configured in a planar array with a height of only two inches and were
designed for mounting as, or in conjunction with, a base plate under other equipment.
Thus, the storage system had nearly zero impact on the limited volume available on the
vehicle.  In addition, the beds were demonstrated to be capable of filling to >95% of total
capacity in about 5 minutes.

This year, in contrast, we have designed and fabricated two air-cooled beds, one for a
fixed site application and one for a mobile application.  These are described in the
following sections.

Results and Discussion

RAPP Hydride Bed

The University of Alaska, Fairbanks (UAF), is constructing a laboratory to evaluate
distributed power systems for use in arctic areas.  Initially, these systems are home-sized
hydrogen fuel cell units with integral reformers to generate hydrogen from available
hydrocarbon fuels.  The UAF laboratory also includes an electrolyzer for evaluating fuel
cell operation independently of the reformer systems.

A hydride-based hydrogen storage bed was fabricated for use in the UAF laboratory in
two applications.  First of all, it will provide a means of accumulating hydrogen from the
electrolyzer for use in short term fuel cell tests.  Secondly, the concept of using hydrogen
storage as a load leveling device between reformers and fuel cells will be tested.  Since
typical time constants for electrical load variations can be much faster than response
times of reformers, some form of energy storage may be needed for distributed power
units.  Hydrogen storage provides an alternative to the use of batteries and their inherent
maintenance issues.

The storage unit which was built also served to demonstrate several new fabrication
methods for hydride beds.  A photograph of the bed is shown in Figure 1.  An air cooled
design was chosen to eliminate the need for a liquid coolant loop in the installation at
UAF and for flexibility in use with different fuel cells and experiments as described
above.  As is typical, a cylindrical geometry was used; however, the overall size (6 inches
in diameter) is large for an air-cooled hydride bed and, hence, thermal requirements were
an important consideration in the design. Pressure safety was also an important factor.
Although not obvious in the photograph, the end plates are dome shaped.  Finite element
modeling was used to determine minimum wall thickness and shape, and to identify



potential stress concentrations.  Furthermore, a multidisciplinary design review team was
convened to oversee design safety decisions.

A new approach to a layered structure was used internally which provided easy and rapid
assembly, containment of the hydride powder to prevent deformation of the container
with repeated operation, and sufficient thermal conductivity to assure effective operation
during filling and unloading.  Within each layer, a commercially available Al honeycomb
was used to contain the hydride powder and provide additional thermal conductivity.  The
honeycomb material is inexpensive and very lightweight, accounting for less than 1% of
the overall weight.

The electrolyzer output hydrogen stream can be put directly into the unit; no additional
pumps or compressors are needed.  The reformate stream, however, will require filtration
to remove constituents which could poison the hydride material.  The storage capacity of
the bed in its present configuration is 30 grams, or 336 standard liters, of hydrogen.  The
capacity could be increased simply by adding additional layers and extending the length
of the containment vessel, or by using additional units.

The unit was formally released as a Sandia-reviewed pressure vessel suitable for manned
hydrogen operation and is currently undergoing extended performance testing before
being supplied to UAF.

RATLER Robotic vehicle

The RATLER (Robotic All-Terrain Lunar Exploration Rover) is a Sandia-designed
robotic vehicle for use over rough and uneven terrain (Figure 2a).  It can be fitted with a
number of different sensors and devices for reconnaissance, search or probing operations.
The vehicle is articulated in the center to allow each half to rotate independently over
uneven surfaces.  Each wheel is driven independently with an electric motor and, as
originally designed, used batteries for motive power and instrumentation.  Units have
been built in sizes ranging from a few inches to about 3 feet in wheelbase.

We have converted a vehicle with about a one foot wheelbase to fuel cell operation with
onboard hydrogen storage.  This system provides a number of advantages over battery
operation.  First of all, the vehicle has a much greater operating range (4 times the
original range) and twice the power availability for equivalent weight and volume
compared to the original battery configuration.  The additional power is important for
scaling steep grades, overcoming obstacles and for payload operation.  Secondly, no
degradation in performance occurs near end-of-range, as is typical for batteries.  Full
voltage and power is available  until the fuel supply is exhausted.  Finally, the hydride
beds can be refilled in much less time than was required to fully recharge the batteries.

An overall view of the interior arrangement is shown in Figure 2b. The fuelcell power
system is seen to consist of two identical modules, each with a fuelcell and hydride bed,
supplying power to the two electric motors mounted at the wheels.  Fuelcells and hydride
beds are air operated; no liquid coolant loop is used.  In operation, cover plates enclose



each of the power modules, forming a channel for air to flow across the components.  Air
intakes are on the front and rear panels.

The layout of a single power module can be seen in more detail in Figure 3.  A single fan
(at the left side) supplies the cooling air flow required by  the fuelcell during operation.
The air warmed by the fuelcell then flows over the hydride beds to provide the energy
needed to release hydrogen from the hydride.  Below the photograph in Figure 3 is a
schematic diagram showing the location of the ancillary valves, regulators, filters, etc.
which complete the operating fuelcell units.

A single hydride bed assembly is shown in the photograph in Figure 4.  It can be seen
that the bed consists of six identical cylindrical units mounted on a U shaped frame.  The
frame provides added rigidity to the modular structure and also serves as a mounting
platform for the assembly.  An open, modular configuration was chosen to achieve a high
external surface area and channeled air flow.  This approach eliminated the need for
cooling fins and reduced the thickness requirements of the radial plates, therby resulting
in a lower volume and weight for the overall assembly.  Stainless steel construction was
used throughout for strength, ease of welding and compatibility with hydrogen and the
hydride.  The hydride is a commercial alloy (GfE C-15), which has a relatively low
operating pressure over the anticipated operating temperature range of  0–60 C.

As in the larger hydride bed described earlier, an Al honeycomb structure was used
internally to provide containment of particulate and for enhanced thermal conductivity.
The internal structure adds less than 1% to the weight of the overall assembly.  The
performance of a bed module during hydrogen filling is shown in Figure 5.  Here, the
hydrogen flow rate and temperature of the assembly are shown as functions of time
during a filling operation.  One can see that a flow rate of 800 sccm could be maintained
with a modest and constant temperature increase of only 8 C.  The constant values
indicate that heat removal by air flow across the unit matched the heat generated by the
hydride formation rate dictated by the input flow.  The entire unit was refilled in about 50
minutes, much faster than the time required to recharge batteries used in the original unit.

The vehicle assembly has been delivered to the robotics engineers for integration of the
drive controls and subsequent field testing.
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Figure 1.  A photograph of the hydride bed assembled for use in the
laboratory at the University of Alaska, Fairbanks.



Figure 2a. Figure 2b.

(a): Photograph of a RATLER vehicle in the field outfitted with a video
camera.
(b) Interior arrangement of the modified vehicle showing the two identical
assemblies which supply power to each of the articulated halves.



Figure 3.  An individual power assembly with a schematic diagram showing
positions of components.
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Figure 4.  One of the hydride bed assemblies.



Figure 5.  Plots of hydrogen flow rate and bed temperature vs. time during
filling of a hydride bed assembly.
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ABSTRACT

Low-cost, hydrogen-gas-leak detectors are needed for many hydrogen applications, such as hydrogen-fueled vehicles
where several detectors may be required in different locations on each vehicle.  A fiber-optic hydrogen gas leak
detector could be inherently safer than conventional detectors, because it would remove all detector electronics from
the vicinity of potential leaks.  It would also provide freedom from electromagnetic interference, a serious problem in
fuel-cell-powered electric vehicles. This paper describes progress in the design of a fiber-optic, surface-plasmon-
resonance hydrogen detector, and efforts to make it more sensitive, selective, and durable.

Chemochromic materials, such as tungsten oxide and certain Lanthanide hydrides, can reversibly react with hydrogen
in air while exhibiting significant changes in their optical properties.  Thin films of these materials applied to a sensor
at the end of an optical fiber have been used to detect low concentrations of hydrogen gas in air.  The coatings include
a thin silver layer in which the surface plasmon is generated, a thin film of the chemochromic material, and a catalytic
layer of palladium that facilitates the reaction with hydrogen. The film thickness is chosen to produce a guided-
surface plasmon wave along the interface between the silver and the chemochromic material. A dichroic beam-splitter
separates the reflected spectrum into a portion near the resonance and a portion away from the resonance, and directs
these two portions to two separate photodiodes.   The electronic ratio of these two signals cancels most of the fiber
transmission noise and provides a stable hydrogen signal.

Keywords: fiber-optic, hydrogen, sensor, thin-film, surface-plasmon resonance, chemochromic, tungsten oxide,
yttrium hydride

1. INTRODUCTION

The ability to detect hydrogen gas leaks economically and with inherent safety is an important technology that could
facilitate commercial acceptance of hydrogen fuel in various applications.  In particular, hydrogen-fueled passenger
vehicles will require hydrogen leak detectors to signal the activation of safety devices such as shutoff valves,
ventilating fans, and alarms.  Such detectors may be required in several locations within a vehicle—wherever a leak
could pose a safety hazard.  It is therefore important that the detectors be very economical.  This paper reports
progress on the development of low-cost, fiber-optic hydrogen detectors intended to meet the needs of a hydrogen-
fueled passenger vehicle.

In our design, a thin-film coating at the end of a polymer optical fiber senses the presence of hydrogen in air.  When
the coating reacts reversibly with the hydrogen, its optical properties are changed.  Light from a central electro-optic
control unit is projected down the optical fiber where it is reflected from the sensor coating back to central optical
detectors.  A change in the reflected intensity indicates the presence of hydrogen.  The fiber-optic detector offers
inherent safety by removing all electrical power from the leak sites and reduces signal-processing problems by
minimizing electromagnetic interference. Critical detector performance requirements include high selectivity,
response speed, and durability as well as potential for low-cost production.

Ito1 originally proposed using the palladium-catalyzed reaction of amorphous tungsten oxide with hydrogen in a fiber-
optic hydrogen detector.  The reaction causes partial reduction of the tungsten oxide and introduces a strong optical-
absorption band near 800 nm.  The increase in absorption reduces the intensity of the light beam reflected by the
coated optical fiber.  We found this sensor design to be adequately sensitive, but too slow for the intended use.

                                                            



A different sensor design using a surface-plasmon resonance (SPR) configuration2 was also evaluated.  The SPR
shifts in response to very subtle changes in the refractive index of the coating.  This shift can be monitored to provide
a faster response.

2. EXPERIMENTAL METHODS

2.1 Coatings

Thin-film sensor coatings were deposited by thermal evaporation.  Tungsten oxide powder (99.9%) was evaporated
from a resistively heated tungsten effusion source.  Palladium, silver, yttrium and gold metals were evaporated from
tungsten boats.  All depositions were monitored with a quartz crystal deposition rate monitor.  Film thickness was
measured with a stylus gauge.

2.2 Chemochromic Response Measurements

Most of the thin films’ sensors were deposited on 20-mm, right angle prisms for easier characterization.  The test
apparatus was designed to seal the coated surface from the surrounding air and expose it to a flow of a predetermined
gas mixture (Fig. 1).  Small percentages of hydrogen in air were simulated by mixing measured flows of oxygen and
nitrogen with prepared sources of 10% and 1% hydrogen in nitrogen.  A synthetic air source was used for flushing the
sample between test runs.  A fiber-optic white light source illuminated the coating through one leg of the prism, and a
fiber-optic detector gathered reflected light through the other leg of the prism and directed it to a diode array
spectrophotometer (Ocean Optics model S2000).  The locations of the ends of the fibers (functioning as entrance and
exit apertures) were fixed so that only light internally reflected by the sensor coating at a 45° angle would reach the
spectrometer.  Fast toggle valves on the gas-mixing manifold and timed acquisition of spectra made it possible to
measure the optical reflectance spectra as a function of time and to calculate the response time constant of the sensor.

2.3 Optical Modeling

The spectral transmittance, reflectance, and other optical characteristics of the sensor films were modeled using
commercial software.3  This software also solves the equations for the SPR condition and accurately predicts the
reflectance spectra.  Most of the optical constants for modeling the various materials used in the sensors were
obtained from the American Optical Society.4 The optical properties of tungsten-oxide thin films with various
amounts of hydrogen “inserted” (commonly referred to as HxWO3) were approximated using measured optical data
for tungsten-oxide films with lithium electrochemically “inserted” (LixWO3).

5

3. RESULTS
3.1 Evaluation of Sensor Coatings

Simple reflective sensors, without surface plasmon resonance, were used for preliminary tests.  The end of a polymer
optical fiber was coated with 500 nm WO3 and a superficial layer of 10 nm palladium.  Figure 2 shows a calibration
curve obtained from such a sensor in air with various concentrations of hydrogen.  The reflected signal at 850 nm is
attenuated by the optical absorption in the WO3 in proportion to the reaction with hydrogen, which in turn is
proportional to the hydrogen concentration.  The sensitivity is adequate for detection of the hydrogen well below the
lower explosion limit of 4% in air.

Figure 3 shows theoretical reflectance spectra for a tungsten-oxide sensor film in an SPR configuration. The sensor
film consists of a stack of two layers: a 40 nm thick layer of gold and a 600 nm thick layer of WO3. The shift in this
spectrum from curve a to b is the predicted result of the “insertion” of hydrogen to a level of H0.068 WO3.  In this
model, as in the sensor test configuration, the incident light strikes the film from inside the glass prism at 45°, an
angle that is greater than the angle for total internal reflection.  Without the coating, all of the light would be
reflected.  However, at the resonance wavelength, the electric field of the incident light interacts resonantly with the
free electrons in the gold to set up an electrical charge oscillation at the glass/gold interface.  This is a so-called SPR.
The wavelength at which the resonance occurs is strictly a function of the optical dielectric constants of the glass and



gold.  The light energy at this wavelength is dissipated by electrical losses in the gold and by re-radiation of the light
by the electrons in all directions.

This SPR condition can be reinforced by the right choice of tungsten oxide thickness such that a constructive
interference occurs at the resonance wavelength in the oxide layer.  Under these conditions, the gold/WO3 stack acts
like a pair of coupled resonators, and both the resonance wavelength and the resonance amplitude depend sensitively
upon the optical dielectric constants of the glass, the gold, and the WO3.  When the hydrogen reacts with the tungsten
oxide, the oxide refractive index decreases and the resonance shifts as indicated in Fig. 3.

The reaction of hydrogen and tungsten oxide is too slow without a catalyst.  A thin layer of a catalyst such as
palladium must be added.  The palladium tends to absorb the resonance wavelength light and dampen the resonance.
Figure 4 shows the theoretical reflectance spectrum from a sensor coating consisting of 40 nm gold/600 nm WO3/3
nm Pd.  Note that the optical model assumes uniform optical properties for the various layers, whereas the 3 nm Pd
layer was discontinuous.  For comparison, we show a measured reflectance spectrum from a sensor coating of this
same configuration.  The spectral characteristics of the light source and the light detector have not been removed, so
the measured spectrum contains more structure than the theoretical one, but the SPR can be clearly seen.  This
resonance wavelength was very stable, with no significant shift detected over the temperature range tested from 24° to
69°C.

Figure 5 shows a set of spectra from a time series taken during exposure to 5% hydrogen in air at room temperature.
The inset shows the change in reflected light intensity at the resonant wavelength over time.  The change in signal
amplitude is approximately exponential with a time constant of about 20 s.  Similar measurements were made over a
range of hydrogen concentrations, and the time constant was found to decrease as the concentration increased.  Over a
range of hydrogen concentrations up to 5%, the relationship between time constant, ττ  and partial pressure, PH 2
appeared to be:

ττ   ∝∝   PH 2 
-2

Unfortunately, the tungsten oxide readily exchanges water vapor with the atmosphere.  Water adsorbed onto the nano-
porous structure of the WO3 increases its refractive index.  Conversely, exposure of the sensor to dry air causes rapid
loss of adsorbed water from the film and a shift in the SPR that mimics exposure to hydrogen.

A protective layer of poly-tetrafluoroethylene was applied over the palladium by thermal evaporation.  This retarded
the exchange of water vapor without significantly affecting the SPR and the sensitivity to hydrogen.  However, the
sensor SPR was still susceptible to severe drift under conditions of changing humidity.

Increasing the thickness of the palladium film to serve both catalytic and protective functions was also unsuccessful.
Because the palladium absorbs resonance light and tends to broaden the SPR, implementing this design option is
difficult.  However, if the film thicknesses are chosen correctly, a constructive interference resonance condition that
coincides with the SPR can be made to occur between the gold and palladium layers.  Figure 6 shows the theoretical
and measured reflectance spectra from such a coating in the SPR configuration (45° incidence angle).

Measurements with this sensor film design confirmed that it was only very weakly sensitive to prolonged exposure to
humidity while remaining sensitive to hydrogen.  Figure 7 shows the response of the sensor during exposure to 0.9%
hydrogen in air.  The response time constant is a few seconds.  Over time, however, this response time increased
dramatically.  Figure 8 shows the measured response time for such a sensor over a period of 3 days.  The time
constant is seen to increase from a few seconds to more than 200 s, approximately increasing in proportion to the
square root of time the sensor was exposed to the test gases.

Similar tests with a different chemochromic sensor (a YH2/Pd coating) showed similar degradation – strongly
suggesting that the degradation is related to “poisoning” of the palladium.  We tested this possibility by overcoating
the palladium with a superficial layer of tungsten oxide.  The tungsten oxide is an oxidative catalyst and that serves to
oxidize and remove poisons such as CO, H2S, methane and other trace contaminants in the hydrogen test gases.
Figure 8 shows the preliminary, but encouraging results for a WO3/Pd/WO3 sensor coating in comparison with the



original WO3/Pd sensor coating.  No degradation in response speed was observed over a period of several days when
this sensor was tested in exactly the same way as the original sensor, which degraded severely within two days.

Recent research6,7 has shown that the Lanthanide and related rare earth hydrides undergo reversible transitions
between di-hydride and tri-hydride when exposed to hydrogen in air.  Thin films of these materials exhibit dramatic
changes in optical transmittance that may make them suitable for hydrogen sensing in our fiber-optic configuration.

Figure 9 shows a preliminary measurement of the reflectance from a yttrium-hydride film during repeated exposure to
0.45% hydrogen in air. The sensor film was not optimized, and yet its response time constant was fairly short—about
5.8 s.  Experiments were conducted on similar samples over a range of temperatures in order to judge the suitability
of this sensor for automotive applications where a wide operational temperature range will be required.

Figure 10 shows a typical hydrogen response in more detail.  The decay in reflected light intensity corresponds to the
decrease in reflectance of the YHx as it reacts with the hydrogen and tends toward YH3.  The form of the response
curve is a double exponential decay with a faster and a slower component.  It is interesting that the faster response
occurs after the slower response.  We speculate that the faster response occurs after the composition of the YHx film
has changed to approximately YH2 and is proceeding toward YH3.  A similar two time-constant, double exponential
form also fits the sensor recovery in oxygen.

Figure 11 shows Arrhenius plots of the hydrogen response and recovery time constants for a YH2/Pd sensor over a
range of temperatures.  The slope of these plots is consistent with an activation energy of about 0.4 eV/molecule for
both the hydrogen response and the recovery in oxygen.  This is a significantly lower activation energy than the 0.77
eV we had previously measured for the WO3 sensor and suggests that the YH2 sensor would be easier to use over a
wide temperature range.

3.2 Prototype Hydrogen Gas Leak Detector

A self-contained, hand-held portable fiber-optic hydrogen detector was designed and built. The light source is a high-
brightness, broad-spectrum “white” (phosphor-enhanced) LED.  The light from the LED is projected into the
proximal end of a 1-mm-diameter polymer optical fiber and transmitted through a 1 x 2 coupler to an exit port on the
instrument.  The optical-fiber sensor is plugged into that port with a standard fiber-optic ST connector.  Light
reflected from the sensor coating on the distal end of the fiber is returned to the instrument, and half of its power is
directed through one of the coupler legs to a dichroic mirror.  The dichroic mirror splits the return light beam into
long- and short-wavelength portions that fall separately on two different photo-diode amplifiers.  The voltage signals
from the two photo-diodes are divided one by the other in an analog divide circuit.  Figure 12 shows a schematic
illustration of the detector’s design features.

When used with a WO3/Pd sensor coating on the end of an optical fiber in a purely reflective mode (no SPR), the light
reflected from the sensor is split into a short-wavelength component (λ < 500 nm) and a long-wavelength component
(λ > 500 nm).  When the tungsten-oxide film reacts with hydrogen it develops an absorption band in the near-infrared
portion of the spectrum, but remains unaffected in the blue end of the spectrum.  Thus, the long-wavelength portion
of the spectrum carries a hydrogen signal, whereas the short-wavelength portion does not and can be considered as a
“reference” signal.

Because both components of the spectrum follow the same path through the optical fiber, they are both affected
similarly by changes in the transmittance through the fiber.  Taking the ratio of the “signal” to the “reference”
provides a means of canceling some of the changes in fiber transmittance, whatever its cause, and thereby reduces the
noise level. Transmittance can be affected by bending in the fiber, by temperature gradients in the fiber, and by changes
in the light transmittance at the connections.

Figure 13 shows some measurements of the effect of fiber bending.  The conditions at the instrument and at the
sensor were kept constant, and the signals returning to the instrument were recorded as the meter-long polymer optical
fiber was intentionally bent through an increasingly sharp radius.  The bend in the fiber caused reversible optical
losses and attenuated the intensity of the reflected beam.  In the figure, the percentage change in the signal voltage
from each photo-diode caused by fiber bending is shown separately along with the analog ratio of the two voltages.  It
is clear that the use of a reference signal greatly decreases the effect of fiber bending.



To produce a sharp SPR in the sensor film, the light beam must strike the film at a single angle.  In our design, where
we want the reflected light to be returned along the same fiber path, the preferred angle is 45°, and the best shape for
the sensor “head” is a 90° prism acting as a retro-reflector.

It is necessary to collimate the diverging exit beam from the optical fiber before directing it through the prism to the
sensor coating.  For this purpose, an optode was designed that contains an aspheric plano-convex lens and a 90°
prism.  The sensor coating is applied to one face of the prism. The optode is designed to be a small, single component
that could be mass-produced by die-injection polymer molding.  A commercial, optical ray-tracing code was used to
generate the design for the optode.8

The optode consists of a plano-convex lens integrally combined with a 90° prism.  A simple spherical convex lens
surface is not sufficient to collimate the emerging broad-spectrum beam and focus the reflected light back onto the 1-
mm-diameter fiber tip. Therefore, a conic surface was used in the optimization of the optode (2.85-mm curvature
radius, 2.055 conicity, 5.1-mm FL).  Figure 14 illustrates the optimized optode design, assuming that it will be made
from polymethylmethacrylate (PMMA) and will be coupled to a polymer optical fiber having a numerical aperture of
0.5.

Because of the expense of fabricating a single component of this design, we also designed an non-optimum optode
that could be easily fabricated by cementing a commercially available stock BK7 glass plano-convex lens (10-mm
diameter, 15-mm FL, 7.73-mm curvature radius) to a glass 90° prism. Several glass optodes of this design were
fabricated and coated with a sensor film (15 nm Ag/440 nm WO3 /35 nm Pd).  A holder was made to attach the
optode to the optical fiber. Figure 15 shows the spectra of the reflected light: a, theoretical (assuming a perfectly
collimated beam at an incidence angle of 45°); and b, the measured spectrum.  There is a close correlation between the
theoretical and the measured spectra, even though the spherical plano-convex lens is less than optimum.

4. DISCUSSION

4.1 Sensor Films

The thin-film, fiber-optic reflective sensor based on palladium-catalyzed WO3 first suggested by Ito1 appears to work
well for detecting hydrogen.  However, its response is too slow for some safety applications.  We showed that the
sensitivity and the response speed of this sensor could be increased by use of a film configuration that produces a
SPR.  The long-term stability and durability of this sensor coating remains to be demonstrated.  The use of a
superficial coating of tungsten oxide over the hydrogen dissociation palladium catalyst layer shows some promise for
reducing contamination of the palladium by common poisons whose oxidation can be catalyzed by the WO3.

Yttrium di-hydride and related sensor materials may have some advantages over the tungsten oxide sensor.   The di-
hydrides appear to be less susceptible to changes caused by adsorption/desorption of water vapor and the YH2 reaction
with hydrogen has a significantly lower thermal activation energy.  These differences may make the YH2 sensor
coating design better suited for the automotive application.

4.2 Detector

The use of a fiber-optic, hydrogen-gas-leak detector has advantages of inherent safety (no electrical power in the
vicinity of the sensor), reduced electromagnetic interference, lightness of weight, and (potentially) low cost. Most, if
not all, of the needed electro-optic components could be integrated into a single application-specific integrated circuit
(ASIC) for economical mass production.  An analysis of the probable manufacturing costs has shown that it should be
possible to mass-produce similar detectors for about $5 each (not including the cost of the polymer optical fiber). 13

5. CONCLUSIONS

The development of a fiber-optic, chemochromic, hydrogen gas detector has been partially successful, but more work
is required to develop a durable sensor coating.  The chemochromic reaction between tungsten oxide and hydrogen in
air may be too slow to be used in some safety devices without some kind of enhancement.  The sensitivity and speed



of hydrogen detection can be enhanced by using the sensor film in a surface plasmon resonance (SPR) configuration.
However, in such a configuration, any change in optical properties of the sensor coating will cause a shift in
resonance wavelength and the detector becomes susceptible to unintended side reactions, both chemical and physical.
For example, the rapid desorption of adsorbed water vapor from the tungsten oxide can cause a false indication of
hydrogen whenever the sensor is exposed to a dry gas.

Preliminary experiments with yttrium di-hydride chemochromic sensor coatings showed promising speed and
sensitivity in a simple sensor configuration.  Optimization of the YH2 sensor design, including the use of SPR, may
provide the needed combination of sensitivity and speed with less susceptibility to interferences.
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8. FIGURES
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Figure 1.  Schematic cross-section through the SPR sensor sample holder.
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Figure 2.  Calibration curves for a simple reflective WO3/Pd-coated F-O sensor.



Figure 3.  Theoretical reflectance spectra showing the SPR absorption at 640 nm: a, before exposure to hydrogen; b,
after reaction with hydrogen to form (nominally) H0.068WO3.  Coating consists of 40 nm Au/600 nm WO3 and is
illuminated at 45°.

Figure 4.  Reflectance SPR spectra from a coating of 40 nm Au/600 nm WO3/3 nm Pd: a, theoretical; b, measured.
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Figure 5. Selected reflectance spectra from a time series during exposure to 5% H2 in air.

The inset shows reflected intensity at 627 nm versus time.  The coating is 40 nm Au/600 nm WO3/3 nm Pd.
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Figure 6.  Reflectance SPR spectra from a coating with a thicker palladium layer: 17 nm Ag/330 nm WO3/100 nm Pd: a,
theoretical; b, measured.
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Figure 7.  Initial response of sensor coating (17 nm Ag/330 nm WO3/100 nm Pd) to 0.9% H2 in air.
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Figure 8.  Sensor response time constant for film (17 nm Ag/330 nm WO3/100 nm Pd) over a period of 2 days.  The sample
was exposed to 5% H2 in air for periods of about 2 minutes, then to dry air.  The response time constant was measured  at
800 nm (about 200 nm away from the resonance).  The fitted curve varies as the square root of time.
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Figure 10.  Response of a YH2 sensor to 8% H2/N2 mixture.  Note the initially slower response  followed by a faster
response.

.Figure 11.  Arrhenius plot of YH2 sensor time constant showing exponential temperature dependence with an
activation energy of about 0.4 eV for the hydrogen response and the recovery in oxygen
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Figure 12.  Schematic diagram of the prototype portable fiber-optic, hydrogen-gas-leak detector showing selected
design features.

Figure 13.  Detector signal attenuation due to controlled bending of the optical fiber.  Note that the attenuation is nearly
the same for the hydrogen signal (long wavelength) and the hydrogen-insensitive reference signal (short wavelength).
Consequently, the analog ratio of the two signals is only weakly attenuated by fiber bending.
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Figure 14.  Design for a polymethylmethacrylate SPR optode.  The lens portion is a conic section designed to
minimize chromatic aberration and maximize signal return to the optical fiber.
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Figure 15.  Design diagram of a glass optode made by cementing a plano-convex spherical lens to a 90° prism.  The
inset shows the SPR reflection spectrum (curve a) in comparison to the theoretically predicted reflectance (curve b).
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Abstract

We are developing rugged and reliable hydrogen safety sensors that can be easily manufactured.
Potential applications also require an inexpensive sensor that can be easily deployed. Automotive
applications demand low cost, while personnel safety applications emphasize light-weight,
battery-operated, and wearable sensors. Our current efforts involve developing and optimizing
sensor materials for stability and compatibility with typical thick-film manufacturing processes.
We are also tailoring the sensor design and size along with various packaging and
communication schemes for optimal acceptance by end users.

Introduction

Under a Cooperative Research and Development Agreement (CRADA) and license agreement,
Oak Ridge National Laboratory (ORNL) and DCH Technology, Inc. are teaming to develop the
Thick Film Hydrogen Sensor (TFHS) for specific market applications related to the hydrogen
economy. The development of efficient hydrogen production, storage, and utilization
technologies brings with it the need to detect and pinpoint hydrogen leaks to protect people and
equipment. The TFHS, developed at ORNL, is potentially well suited to meet cost and
performance objectives for many of these applications.

Workers at ORNL demonstrated monolithic, resistive sensors that are inherently robust, selective
to hydrogen, and easy to manufacture (Lauf 1994, Hoffheins 1995). A thick-film sensor was
designed that, to the largest extent possible, used traditional materials and fabrication methods,
which have obvious cost advantages. The response to hydrogen is reversible, so the sensor can
be used over and over.



The sensing mechanism of the sensor relies upon the absorption of atomic hydrogen into
palladium metal. Changes in hydrogen concentration in the palladium matrix are reflected by
changes in its electrical resistivity and can be easily measured.

The TFHS design is a Wheatstone bridge circuit based principally upon three thick film
components, Figure 1. Each layer is separately printed and fired onto a ceramic substrate. The
layers are: 1) conductor, which joins the palladium segments and provides connection points for
power and signal circuitry, 2) palladium resistor, composed of the four serpentine palladium
segments, and 3) passivation, which forms a hydrogen-impermeable barrier over two of the
palladium resistors. These two passivated legs serve as reference resistors and thus compensate
for changes in the resistance of the palladium due to temperature variation.

We use traditional thick-film techniques to fabricate the sensor. It is highly automated and it is
economical for small or large batch production. With the development of the palladium resistor
composition by DuPont Electronics (Felten 1994), all of the sensor materials are now off-the-
shelf components.

Figure 1. Sensor design and schematic representation

The TFHS has been tested under a wide variety of conditions (Hoffheins 1998, Hoffheins 1997).
It has shown good response to a range of hydrogen concentrations (0.5 to 30%) at temperatures
between 0 and 200°C, and in dry and humid environments. Preliminary results indicate little or
no cross interference by hydrocarbons. We are continuing sensor materials studies to optimize
sensor stability, sensitivity and durability over a range of environmental conditions. One method
of miniaturizing the sensor to reduce power consumption has been developed. DCH Technology
has displayed and demonstrated the TFHS in their booths at the 1997, 1998, and 1999 National
Hydrogen Association meetings.
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Current Developments

Sensor Layout Improvements

Changes were made to the sensor patterns to improve operation and durability. The first
modification was to rearrange the four serpentine resistors so that the loops of the pattern all lie
in the same direction, Figure 2. In the previous design, the loop orientation of two resistors was
perpendicular to that of the other two. The resistors are deposited by squeezing paste across a
patterned wire mesh onto the alumina substrate. Because the patterns are all oriented in the same
direction in the new design, there is an increased probability that they are more nearly identical
in physical structure and electrical value. In fact, measured values of the printed and fired
resistors are closer in value to each other than for those made with the previous design.

Figure 2. Schematic views of previous resistor pattern (left) and new resistor
pattern (right).

The next modification to the sensor design extended the passivation layer to completely cover
the terminations of the palladium resistors designated as reference legs. In the original design, a
small portion of the reference resistor was exposed where it contacted the conductor layer. The
exposed surface could be an entry point for hydrogen gas into the reference legs, which would
ultimately compromise effectiveness of the passivation.

A new batch of sensors, incorporating the design modifications, was manufactured. Figure 3
shows the response of one of these new sensors to increasing levels of hydrogen in air. The
sensor is insensitive to the presence of hydrogen below the 0.2% level. From 0.2% up to 2%
hydrogen, the response is linear. The time to reach the maximum output at each step is seven
seconds. This time includes the time constant of the test chamber and associated tubing from the
mass flow controller. The time constant of the test chamber is estimated at four seconds. Thus,
the actual sensor time constant could be as little as three seconds to reach maximum output for
the indicated increases in hydrogen concentration.

Sensor Materials Investigations

Soda-lime glass passivation

Current sensor prototypes use a borosilicate-based glass for the passivation layer. This has
proven to be an effective barrier to hydrogen for lower concentrations (less than 4% in air).
However, the composition is not resistant to acid. A test solution of 5% acetic acid in water
dissolved the passivation to the point at which it could be completely wiped from the sensor
surface. A more chemically inert passivation was sought to increase reliability of the sensor.



Figure 3. Sensor response to increasing levels of hydrogen in air.

We experimented with a paste consisting primarily of ground window glass (soda-lime glass)
with organic vehicles added to facilitate screen printing. Soda-lime glass was considered because
it is inexpensive, potentially more stable to shifts in the pH of an environment, and possibly a
better barrier to hydrogen. Sample sensors were screen printed with this new composition and
fired for one hour in a belt furnace at four temperatures ranging from 850ºC to 975ºC. The fired
glass was clear and smooth. Samples fired at the higher end of the temperature range, 950ºC and
975ºC, had the smoothest surfaces indicating effective fusing of the glass particles. Yellowing of
the glass occurred at all four conductor pads where the palladium resistors terminate, indicating
some interdiffusion between the conductor material and the glass. Further studies are required to
optimize material compatibility and to verify effective operation.

Sensor paste

During most of this reporting period, we were using a second version DuPont palladium
formulation (Version 2). This paste was designed for greater durability at high concentrations of
hydrogen (10 to 30% in air). Palladium particle sizes in this composition are roughly 1µm, a
factor of 10 greater than that used in the original DuPont formulation (Version 1). However, the
larger particles reduce the resistivity of the fired resistors, which in turn increases the power
consumption of the sensor. Because the sensor is ultimately targeted for battery operation as well
as low-concentration exposure, we returned to the Version 1 formulation to continue sensor
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testing and development. Using the present sensor design, the resistivity of the fired paste is still
too low for continuous battery operation. We are therefore evaluating control modes that power
the sensor briefly to collect a reading, but are not energized most of the time.

Sensor Testing

Test Fixture

The sensor testbed consists of a sensor test chamber, gas handling equipment, and automated
control provided by a personal computer (Pentium 200 MHz MMX computer with Windows 95
Operating System) with a customized LabView (Version 4) graphical user interface and National
Instruments data acquisition interface (DAQPad 6020E).

The sensor test chamber is a plastic container with a sample volume of 65 cm3. Clip leads
connect the sensor to a 5 Vdc power supply and analog input of the data acquisition system. Gas
mixtures are supplied to the chamber by two mass flow controllers, which are controlled by
settings in the LabView program. Sensor and ambient temperatures are recorded automatically
by resistance temperature detectors (RTDs). Test parameters such as hydrogen, concentration,
gas flow rates, length of test, number of test cycles, and sampling rate can be input through the
user interface and stored for future use. At the end of a test, data files are automatically stored on
the test computer and with a backup copy stored on a server computer. Each test generates a file
containing the following information: sensor power supply voltage, sensor and ambient
temperatures, gas concentration profiles, sensor output, mass flow controller output, and time
and date. The user interface displays sensor excitation voltage, output, sensor and ambient
temperatures, gas on and off indications, and a real time graph of sensor output.

Improvements to the test stand for this reporting period included incorporation of computer-
stored data sheets, automated file duplication and storage, and greater test configuration
flexibility.

CRADA Partner Review

Team members from ORNL and DCH met to review CRADA progress and to align sensor
performance objectives with DCH’s marketing plans. We selected a sensor design, palladium
resistor geometry, and palladium formulation as the basis for future testing and for comparing
test results. Also, the following criteria, in line with potential sensor applications, were selected
for subsequent sensor testing and development.

• Sensitivity and durability in the range of concentrations between 0 and 2% hydrogen in air.
• Temperature operation: -20°C to +40°C
• Response time: 3 seconds
• Insensitivity to CO, CO2, CH4, NH3, Propane, Butane, Acetylene



Sensor Demonstration at NHA 1999

For demonstration and testing, a sensor package was designed and constructed, Figure 4. The
package consists of two chambers mounted together. At one end of the module, a small chamber
houses the sensor. Test gas is introduced to the chamber through external gas ports. The volume
of the chamber was minimized for efficient gas exchange. The preamplifier, which amplifies the
output of the sensor for input to the data acquisition system, is housed in the larger chamber.
This portion of the package (and thus the overall sensor module) was oversized for fabrication,
testing and modification of preamplifier designs. The completed prototype module provided an
easily used sensor system with miniature pneumatic tubing connections and a three wire
electrical interface (+5Vdc, common and analog output).

The initial preamplifier design was based on a single supply instrumentation amplifier (Analog
Devices AMP-04) and incorporated an offset circuit using a low current, single supply op amp
(National Instruments LMC6041). To avoid the need for dual voltage supplies (e.g. +/- 5 Vdc)
the design carried the caveat that sensor elements would have to be selected to favor those with
inherent positive offset voltages (in other words, the initial resistance of the active legs would be
slightly higher than that of the passive legs). Subsequent sensor element modifications could
ensure that this condition would be produced. The offset adjustment circuit was omitted in the
initial demonstration unit.

This demonstration package was used to show TFHS operation at the 1999 National Hydrogen
Association Meeting. It was connected to a National Instruments data acquisition PCMIA card
(DAQCARD-700) housed in a laptop computer. The computer was loaded with a customized
LabView user interface so that sensor excitation, temperature, and output could be displayed.
The sensor output was converted to a %hydrogen reading and was displayed in real time by
graphical and numerical displays. A series of red indicator lights on the display indicated
whether sensor output was beyond designated threshold concentrations of 20%, 40% 120% and
160% of the lower explosive limit of hydrogen in air.

Figure 4. Sketch of housing used to demonstrate sensor operation.



Economic Evaluation

DCH Technology has continued its economic evaluation for the purpose of commercializing the
Thick Film Hydrogen Sensor. This analysis identified three initial target markets in particular,
and several others in general.

The automotive field of use is the first market of interest. Market surveys into this area yielded
significant results. It is apparent that the manufacturing cost targets of the device meet the
paradigm required for automotive applications, so DCH has been working to gain acceptance in
the field. There is a demand in automotive for a rugged, low cost device for use in vehicles
powered by fuel cell and hydrogen-fueled combustion engines. Beginning December 1998, DCH
Technology started working with one of the "Big Three" US automotive companies to meet the
design specifications for automotive sensors utilizing the Thick Film Hydrogen Sensor. In
addition, the other automotive manufacturers have expressed interest in testing the sensor for
their hydrogen vehicles as well.

The concept of a hydrogen safety badge is the second market area. Various government agencies
have suggested that the thick film sensor, coupled with a small circuit board and battery could be
worn as a badge in areas where a hydrogen hazard might exist. If hydrogen is detected in
amounts over a predetermined alarm threshold, both audio and visual alarms are triggered on the
badge. DCH designed the circuitry and produced a prototype board that was displayed at the 10th
annual National Hydrogen Association Meeting April 7-9, 1999. The entire badge is about the
size of a standard business card.

The third target application is the coupling of the sensor with a radio tag for wireless monitoring.
This will be useful in such areas as refineries and utilities where the potential for hydrogen leaks
exists, but existing technologies require thousands of feet of cabling to install. The dimensions
and profile of the sensor and associated electronics allow for remote monitoring and transmission
of signals over a long distance. DCH will be working with a utility later this year to test the
concept and open the market.

Other market niches that are being developed include industrial safety monitoring, primarily in
semiconductor plants, metals processing and hydrogen generation plants. A series of agreements
for beta testing are in negotiation for these markets.

Future Work

For the rest of this funding period we will use the standard sensor configuration, defined by the
CRADA partners, to continue to evaluate sensor performance for target hydrogen concentrations,
temperatures, interference gases, and humidity. We will characterize response time, sensitivity,
and drift.

Further plans include optimizing and finalizing sensor design, including sensor layout, materials
formulation, and fabrication steps. We will test optimized designs for target applications. As the



sensor design is further matured, we will identify and work with a commercial thick-film circuit
manufacturer to produce a pre-commercial version of the sensor.

Conclusions

We continue to mature the sensor design and narrow the focus of applicable niches for sensor
deployment. The TFHS is inherently rugged and inexpensive, making it attractive as a wearable
personnel safety device or for fuel cell powered automobiles. We are uncertain of the ultimate
lifetime and usefulness of the palladium-based thick film material developed especially for the
hydrogen sensor, so we are concentrating our efforts on understanding and maturing this product.
The continued development of the sensor requires an iterative approach and close collaboration
among team members at ORNL and DCH with continued helpful input from our thick film
materials supplier.
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HOMOGENEOUS CHARGE COMPRESSION IGNITION WITH A FREE
PISTON:  A NEW APPROACH TO IDEAL OTTO CYCLE PERFORMANCE

Peter Van Blarigan
Sandia National Laboratories

Livermore, CA 94551

 Abstract

Sandia National Laboratories has been investigating a new, integrated approach to generating
electricity with ultra low emissions and very high efficiency for low power (30 kW) applications
such as hybrid vehicles and portable generators.

Our approach utilizes a free piston in a double-ended cylinder.  Combustion occurs alternately at
each cylinder end, with intake/exhaust processes accomplished through a two stroke cycle.  A linear
alternator is mounted in the center section of the cylinder, serving to both generate useful electrical
power and to control the compression ratio by varying the rate of electrical generation.  Thus, a
mechanically simple geometry results in an electronically controlled variable compression ratio
configuration.

The capability of the homogeneous charge compression ignition combustion process employed in
this engine with regards to reduced emissions and improved thermal efficiency has been investigated
using a rapid compression expansion machine.  Eight different fuels, including propane, natural gas,
hydrogen, methanol, n-pentane, hexane, n-heptane, and isooctane have been used at low
equivalence ratio (φ ~ 0.35) and initial temperatures of 25°C, 50°C and 70°C.

The results indicate that the cycle thermal efficiency can be significantly improved (56% measured)
relative to current combustion systems, while low NOx emissions are possible (<10 PPM).  HC and
CO emissions must be controlled through some aftertreatment technology.  The primary cause of



this high conversion efficiency is nearly constant volume combustion at high compression ratio (~
30:1).

 Introduction

Sandia National Laboratories is developing a combustion-driven generator set for application in both
transportation and stationary power systems.  Our goal is to maximize the thermal efficiency at a
particular operating point while releasing essentially zero emissions.  The operating principle is to
ignite and burn lean (fuel/air equivalence ratio (φ) ~ 0.4) homogeneous charge mixtures, thereby
improving the indicated thermal efficiency (Edson and Taylor 1964), while reducing the peak
cylinder temperatures to a level where essentially no NOx is formed (Van Blarigan 1996).  Based on
measured  engine-out emissions from a rather conventional, but optimized for hydrogen, four stroke
cycle spark ignition engine, we project compliance with the California Air Resources Board’s
(CARB) proposed standard for equivalent zero emissions vehicles, when the generator set is
integrated into a series type hybrid power train for a standard size automobile (Van Blarigan 1996).

The motivation for the present work derives from the fact that internal combustion (IC) engines used
in these types of applications have operating requirements that are significantly different from IC
engines used in conventional drivetrain applications.  Here, shaft power is not required since all of
the output power is converted to electrical energy.  As well, the engine can be operated within a
narrow speed/power output range, cycling on and off as needed.  Finally, engine operation can be
controlled automatically so that throttle response is unimportant.

In addition to operational differences, there are powerful incentives for advanced IC engines to have
the capability of operating efficiently on a multitude of fuels (both conventional and
unconventional) without significant hardware modification.  Such versatile engines would help to
improve the viability of futuristic fuels such as methanol and hydrogen.

The combination of these unique operating parameters and the results from our spark ignition
engine program, has led us to formulate a new design specific to electric power applications, which
is different from conventional configurations.  The primary goals considered in this development are
high energy conversion efficiencies and stringent emissions compliance.  The result is an engine that
operates on a unique homogeneous charge compression ignition (HCCI) combustion process using
a free piston geometry.

The remainder of this paper develops the rationale behind the new concept, details the experimental
apparatus used to validate the combustion approach, presents the results gathered utilizing a variety
of different fuels, and discusses the significance of the data to date.  Future papers will detail further
developments of the generator concept.



 Background

Advanced hybrid vehicles and stationary power systems will no doubt be powered by electrical
generators capable of high conversion efficiencies and extremely low exhaust emissions.  Fuel cells
are generally considered to be ideal devices for these applications where hydrogen or methane is
used as the fuel.  In the near term however, the extensive development of the IC engine, and the
existence of repair and maintenance industries associated with piston engines provide strong
incentives to remain with this technology until fuel cells are proven reliable and cost competitive.  In
addition, while the fuel cell enjoys high public relations appeal, it seems possible that it may not
offer significant efficiency advantages relative to an optimized combustion system.  In light of these
factors, the capabilities of internal combustion engines have been reviewed.

In regards to thermodynamic efficiency, the Otto cycle theoretically represents the best option for an
IC engine cycle.  This is due to the fact that the fuel energy is converted to heat at constant volume
when the working fluid is at maximum compression.  This combustion condition leads to the
highest possible peak temperatures, and thus the highest possible thermal efficiencies.

Edson (1964) analytically investigated the efficiency potential of the ideal Otto cycle using
compression ratios (CR) up to 300:1, where the effects of chemical dissociation, working fluid
thermodynamic properties, and chemical species concentration were included.  He found that even
as the compression ratio is increased to 300:1, the thermal efficiency still increases for all of the fuels
investigated.  At this extreme operating point for instance, the cycle efficiency for isooctane fuel at
stoichiometric ratio is over 80%.

Indeed it appears that no fundamental limit exists to achieving high efficiency from an internal
combustion engine cycle.  However, many engineering challenges are involved in approaching ideal
Otto cycle performance in real systems, especially where high compression ratios are utilized.

Caris and Nelson (1959) investigated the use of high compression ratios for improving the thermal
efficiency of a production V8 spark ignition engine.  They found that operation at compression
ratios above about 17:1 did not continue to improve the thermal efficiency in their configuration.
They concluded that this was due to the problem of non constant volume combustion, as time is
required to propagate the spark ignited flame.

In addition to the problem of burn duration, other barriers exist.  These include the transfer of heat
energy from the combustion gases to the cylinder walls, as well as the operating difficulties
associated with increased pressure levels for engines configured to compression ratios above 25:1
(Overington and Thring 1981, Muranaka and Ishida 1987).  Still, finite burn duration remains the
fundamental challenge to using high compression ratios.

The goal of emissions compliance further restricts the design possibilities for an optimized IC
engine.  For example, in order to eliminate the production of nitrogen oxides (NOx), the fuel/air
mixture must be homogeneous and very lean at the time of combustion (Das 1990, Van Blarigan
1995).  (It is subsequently possible to use oxidation catalyst technologies to sufficiently control
other regulated emissions such as HC and CO.)  Homogeneous operation precludes Diesel-type



combustion, and spark ignition operation on premixed charges tends to limit the operating
compression ratio due to uncontrolled autoignition, or knock.  As well, very lean fuel/air mixtures
are difficult, or impossible to spark ignite.

On the other hand, lean charges have more favorable specific heat ratios relative to stoichiometric
mixtures, and this leads to improved cycle thermal efficiencies.  Since three way catalysts are no
longer required in this emissions controlling scheme, the operating equivalence ratio does not need
to be precisely controlled, as it does in conventional stoichiometric operation.  Equivalence ratio is
defined here as the ratio of the actual fuel/air ratio to the stoichiometric ratio.

 A New Combustion Approach

Homogeneous charge compression ignition combustion could be used to solve the problems of
burn duration, and allow ideal Otto cycle operation to be more closely approached.  In this
combustion process a homogeneous charge of fuel and air is compression heated to the point of
autoignition.  Numerous ignition points throughout the mixture can ensure very rapid combustion
(Onishi et al 1979).  Very low equivalence ratios (φ ~ 0.3) can be used since no flame propagation is
required.  Further, the useful compression ratio can be increased as higher temperatures are required
to autoignite weak mixtures (Karim and Watson 1971).

HCCI operation is unconventional, but it is not new.  As early as 1957 Alperstein, et al. (1958)
experimented with premixed charges of  hexane and air, and n-heptane and air in a Diesel engine.
They found that under certain operating conditions their single cylinder engine would run quite well
in a premixed mode with no fuel injection whatsoever.

In general, HCCI combustion has been shown to be faster than spark ignition or compression
ignition combustion.  And much leaner operation is possible than in SI engines, while lower NOx

emissions result.

Most of the HCCI studies to date however, have concentrated on achieving smooth releases of
energy under conventional compression conditions (CR ~ 9:1).  Crankshaft driven pistons have
been utilized in all of these previous investigations.  Because of these operating parameters,
successful HCCI operation has required extensive EGR and/or intake air preheating.  Conventional
pressure profiles have resulted (Thring 1989, Najt and Foster 1983).

In order to maximize the efficiency potential of HCCI operation much higher compression ratios
must be used, and a very rapid combustion event must be achieved.  Recent work with higher
compression ratios (~21:1) has demonstrated the high efficiency potential of the HCCI process
(Christensen et al 1998, Christensen et al 1997).



 Engineering Configuration

The free piston linear alternator illustrated in Figure 1 has been designed in hopes of approaching
ideal Otto cycle performance through HCCI operation.  In this configuration, high compression
ratios can be used and rapid combustion can be achieved.

Figure 1 - Free piston linear alternator.

The linear generator is designed such that electricity is generated directly from the piston’s
oscillating motion, as permanent magnets fixed to the piston are driven back and forth through the
alternator’s coils.  Combustion occurs alternately at each end of the piston and a modern two-stroke
cycle scavenging process is used.  The alternator component controls the piston’s motion, and thus
the extent of cylinder gas compression, by efficiently managing the piston’s kinetic energy through
each stroke.  Compression of the fuel/air mixture is achieved inertially and as a result, a
mechanically simple, variable compression ratio design is possible with sophisticated electronic
control.

The use of free pistons in internal combustion engines has been investigated for quite some time.  In
the 1950’s, experiments were conducted with free piston engines in automotive applications.  In
these early designs, the engine was used as a gasifier for a single stage turbine (Underwood 1957,
Klotsch 1959).  More recent developments have integrated hydraulic pumps into the engine’s design
(Baruah 1988, Achten 1994).

Several advantages have been noted for free piston IC engines.  First, the compression ratio of the
engine is variable; this is dependent mainly on the engine’s operating conditions (e.g., fuel type,
equivalence ratio, temperature, etc.).  As a result, the desired compression ratio can be achieved
through modification of the operating parameters, as opposed to changes in the engine’s hardware.

An additional benefit is that the mechanical friction can be reduced relative to crankshaft driven
geometries since there is only one moving engine part.  Also, combustion seems to be faster than in
conventional slider-crank configurations.  Further, the unique piston dynamics (characteristically
non-sinusoidal) seem to improve the engine’s fuel economy and NOx emissions by limiting the time
that the combustion gases spend at top dead center (TDC) (thereby reducing engine heat transfer



and limiting the NOx kinetics).  Finally, free piston engines are usually capable of operating on a
variety of fuels.

The combination of the HCCI combustion process and the free piston geometry is expected to result
in significant improvements in the engine’s thermal efficiency and its exhaust emissions.  The
following advantages should be found:

1. For a given maximum piston velocity, the free piston arrangement is capable of achieving
a desired compression ratio more quickly than a crankshaft driven piston configuration.
This point is illustrated in Figure 2 where the piston position profiles of both
configurations are plotted.  The reduced compression time should result in higher
compression of the premixed charge before the onset of autoignition.
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2. High compression ratio operation is better suited to the free piston engine since the

piston develops compression inertially, and as such there are no bearings or kinematic
constraints that must survive high cylinder pressures or the high rates of pressure
increase (shock).  The use of low equivalence ratios in the HCCI application should
further reduce the possibility of combustion chamber surface destruction (Lee and
Schaefer 1983, Maly et al 1990).

 
3. The free piston design is more capable of supporting low equivalence ratio operation, and

the correspondingly low IMEP levels due to the reduction in mechanical friction.

 Combustion Experiments

While several new concepts are brought together in this generator design, it is the use of the free
piston, HCCI combustion system that is the most significant.  In order for the generator to be
proven as a true advancement in IC engine technology, and to be able to compete with projected
fuel cell capabilities, it is critical that the potential for high thermal efficiency and extremely low



emissions be realized.  To determine the achievable efficiencies and emissions reduction capabilities
of the combustion system a series of experiments were conducted using a wide range of fuels.

A free piston, rapid compression-expansion machine (RCEM) has been used for the initial testing.
The RCEM consists of a double ended cylinder and a double ended free piston, where the enclosed
piston is allowed to move freely along the cylinder’s axis.  In this device, the combustion process is
isolated from the rest of the engine cycle.  The details of the RCEM and its operation can be found
in the Appendix; however, a brief description of the combustion experiments is presented here.

Fuel/air mixtures of eight different fuels were tested using various initial temperatures where the
energy density of the fuel/air charge was fixed.  The eight fuels included propane, natural gas,
hydrogen, methanol, n-pentane, hexane, n-heptane, and isooctane.  The natural gas was composed
of 93.13% methane, 3.2% ethane, 0.7% propane, 0.4% butane, 1.2% carbon dioxide, and 1.37%
nitrogen by volume.  An energy density of 1.15 kJ/L ±4% at STP was used for this study.  (This was
based on previous work with hydrogen in a modified spark ignition IC engine where the goal was to
minimize the combustion temperatures, and thus the NOx emissions (Van Blarigan 1996).)  The
individual fuel/air equivalence ratios were adjusted to meet this energy value and are listed in Table
1.  Initial charge temperatures of approximately 25°C, 50°C, and 70°C were used depending on the
ease of autoigniting the mixture at the lower temperatures.  For each different testing condition a
range of compression ratios was investigated, where these were also adjusted depending on the
fuel/air mixture’s autoignition characteristics.

The metrics by which different experimental points are compared are the indicated thermal
efficiency and the output emissions levels.  The thermal efficiency was calculated by measuring both
the pressure in the combustion chamber and the displacement of the piston.  The net work was
integrated over the compression and expansion strokes.  Since the combusted gas is not fully
expanded through the expansion stroke of the piston (as discussed in the Appendix), the full
potential of the thermodynamic cycle was determined by extrapolating both the piston position and
the cylinder pressure data.  This was done by matching the expansion line slope on a logarithmic
pressure - volume diagram, as shown in Figure 3.

The NOx, HC, and CO concentrations of the combusted gases were measured using continuous
exhaust gas emissions analyzers.  Since only a small quantity of gas sample was available for each
data point, modified measuring techniques were developed.  These are also detailed in the
Appendix.



 Experimental Results

The experimental results are presented in the following format.  For each fuel/air mixture a
logarithmic pressure vs. volume curve is plotted.  These plots enable visualization of the rapidity of
the combustion process, and the similarity to constant volume combustion conditions.  Next, the
thermal efficiency and emissions data are plotted versus the compression ratios investigated.  The
results of the test runs are summarized in Table 1, where the ranges of efficiencies and emissions are
given.
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For each testing condition (i.e., fuel/air equivalence ratio and initial temperature), the critical
compression ratio, defined as the compression ratio required for TDC autoignition, is approximately
fixed.  Top dead center autoignition is where combustion occurs just as the piston reverses direction.
TDC autoignition was easily discernible for the fast burning fuels like propane and hydrogen,
however, such a definition was impossible for the slower burning fuels like n-pentane and hexane.

Compression ratios less than the critical compression ratio led to late ignition points (i.e., ignition
after the piston passed TDC) or to no combustion at all.  Compression ratios greater than the critical
values seemed to simply over-compress the combusted gases, as in the case of the rapid burning
fuel mixtures, or ensured further oxidation of the fuel, as in the case of n-pentane, hexane, and n-
heptane and air mixtures.

The results for propane are presented first.  Figure 4 plots the log pressure vs. log volume curve for a
near TDC autoignition point.  Here the equivalence ratio was 0.337 and the initial temperature 22°C.
The compression ratio for this trace was  36:1.  In this plot the piston position and pressure traces
were smoothed using a binomial method to remove noise; this is consistent throughout the paper.
The smoothing process, however, did not affect the efficiency calculations presented later.
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In Figure 4 the similarity to the constant volume combustion process is evident.  The rapidity of the
HCCI process for this mixture is also illustrated in Figure 5 where the pressure vs. time curve is
plotted.  Autoignition occurs just at TDC and the duration of combustion is approximately 50 µs.
As can be seen, the piston has hardly moved during this time.

Noticeable in Figures 4 and 5 is the intensity of combustion.  The burning event is so rapid that
considerable ringing is generated in the pressure and displacement records (this accounts for the
sawtooth pattern and other irregularities in the figures).  The vibration of the experimental apparatus
due to combustion is further discussed in detail in the Appendix.

Table 1 - Experimental Results.

Fuel  φ Tini CR ηTH NOx HC CO

Propane 0.337 22, 54°C 34-70:1 50-60 % < 15 PPM 100-800 PPM C3Hy 300-800 PPM

Natural Gas 0.365 23, 67 30-54 50-55 10-130 600-2000 250-800

Hydrogen 0.319 22, 49, 67 17-50 40-55 1-550 < 25 < 120

Methanol 0.330 25 38-70 54-58 15-45 ~ 600 300-800

n-Pentane 0.335 25 23-36 47-50 < 10 900-1050 800-1050

Hexane 0.336 26 19-34 40 < 5 1000-2000 1000-2500

n-Heptane 0.334 24 16-47 10-40 < 5 2000-4500 900-3000

Isooctane 0.321 25, 70 16-74 30-55 1-70 800-1050 300-3000
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Figure 6 gives the efficiency and NOx levels as a function of compression ratio.  Some of the NOx

emissions data are missing due to lost gas samples or the use of the combusted gases for analysis of
gas leakage (as explained in the Appendix).

For an initial temperature of 22°C, autoignition of the propane/air mixture first occurs at a
compression ratio of about 34:1.  The calculated efficiencies are somewhat scattered but fairly steady
after this point, falling between 50% and 60%.  The tests performed using an initial temperature of
57°C are consistent with these results.  The NOx emissions levels are all below 15 PPM, increasing
slightly with increased compression.  The increase in NOx was expected as the cylinder gases are
compressed to higher temperatures after combustion.

Figure 7 plots the unburned hydrocarbon and carbon monoxide emissions as a function of
compression ratio.  Some of the HC and CO emissions data are also missing.  Here the hydrocarbon
emissions are reported as parts per million of C3Hy.

With increasing compression there seems to be little pattern to the change in HC emissions, while
the CO emissions tend to decrease with increased compression.  The HC emissions range from 100
to 800 PPM, and the CO emissions vary from 300 to 800 PPM.

Figures 8, 9 and 10 give the log pressure vs. log volume, thermal efficiency and NOx vs. compression
ratio, and HC and CO emissions vs. compression ratio, respectively, for natural gas at an
equivalence ratio of 0.365.  Initial temperatures of 23°C and 67°C were used.

From Figure 8 it is evident that near constant volume combustion is possible with this fuel mixture.
The duration of combustion in this case is approximately 65 µs.  This is slower than the propane/air
mixture, but still relatively fast.
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The minimum compression ratio required for autoignition is much higher than that required for
propane.  At an initial temperature of 23°C late autoignition first occurs at about 44:1, and at an
initial temperature of 67°C the critical compression ratio is approximately 30:1.  The thermal
efficiency is fairly constant for both test conditions over the range of compression ratios
investigated.  There is less scatter in these points probably due to the refinement in the experimental
procedure; typical results are about 54%.  The NOx data show a more defined increasing trend with
compression ratio, while the HC and CO emissions both decrease with compression ratio for each of
the temperatures investigated.
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Figure 9 - Indicated thermal efficiency and NOx emissions vs. compression ratio.
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Further oxidation of the cylinder gases seems to be the cause of the decrease in HC and CO
emissions.  Increased initial temperature only slightly affects the emissions levels.

It should be noted that the scales for the efficiency and emissions plots are the same as those for the
propane/air mixture.  It can be seen that the NOx and HC emissions for natural gas are higher than
those for propane, however the CO emissions levels are comparable.

Figures 11, 12, and 13  show the results for hydrogen.  In these runs an equivalence ratio of 0.319
was used at initial temperatures of 22°C, 49°C, and 68°C.  Figure 11 illustrates the near constant
volume combustion process for this fuel/air mixture at an initial temperature of 22°C.  The duration
of combustion is only 20 µs, the shortest combustion time recorded for any of the fuels tested.
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Figure 12 - Indicated thermal efficiency and NOx emissions vs. compression ratio.

The minimum compression ratios required for combustion are 30:1, 22:1, and 17:1 for initial
temperatures of 22°C, 48°C, and 68°C, respectively.  A significant amount of scatter is present in the
efficiency points due to the fact that hydrogen was the first fuel tested.
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Figure 13 - HC and CO emissions vs. compression ratio.

There seems to be little pattern to the change in efficiency with increased compression after TDC
autoignition and only a small variation with changes in the starting temperature, even though the
critical compression ratio is significantly affected.

The NOx emissions are greater (a maximum of 530 PPM at an initial temperature of 67°C) than both
the propane and natural gas mixtures, where the scale in Figure 12 is significantly increased.  The
NOx levels for hydrogen also increase with compression of the cylinder charge after TDC
combustion.



The HC and CO emissions data presented in Figure 13 represent the background emissions levels
found in the system.  These emissions are possibly due to contamination of the combustion
chamber by piston ring lubricant oxidation, where this is discussed in the Appendix.  (Ring lubricant
oxidation could also be a source of error in the efficiency calculations for both hydrogen and
propane fuels, where this would indicate higher than expected thermal efficiencies.) The
hydrocarbon levels are below 20 PPM, and the carbon monoxide levels below 120 PPM.

The methanol test data is presented in Figures 14, 15 and 16.  An equivalence ratio of 0.330 was used
at an initial temperature of 25°C.  From Figure 14, it is seen that near constant volume combustion is
also possible with methanol.  The duration of combustion is approximately 80 µs, and the critical
compression ratio about 35:1.

The indicated efficiencies range from 54-58% with a slight increase with compression ratio.  The
NOx emissions also increased slightly with compression, where the peak value was 43 PPM.  The
HC and CO emissions levels are comparable to the levels seen with propane, and the CO
concentrations decrease with over-compression after TDC combustion.
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Figure 15 - Indicated thermal efficiency and NOx emissions vs. compression ratio.
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Figure 16 - HC and CO emissions vs. compression ratio.
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The results from the n-pentane tests are presented in Figures 17-20.  An equivalence ratio of 0.335
was used at an initial temperature of 25°C.

From Figure 17 it is evident that this fuel does not burn in a near constant volume process.  Two
stages of combustion are clearly discernible from this plot.  The first stage of fuel decomposition
occurs at a compression ratio of about 18:1, and further  compression is required to more completely
oxidize the fuel.

The second stage, or point of major heat release occurs at approximately 23:1.  This two stage
process is much slower than the HCCI processes previously seen, taking approximately 600 µs to
complete.



The two stages of autoignition combustion are illustrated in Figure 18 where the pressure vs. time
curve for this data point is plotted.  The nature of this two stage HCCI process has been previously
reported in (Park and Keck 1990) where a rapid compression machine has been used to investigate
the autoignition characteristics of various fuels.
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Figure 19 - Indicated thermal efficiency and NOx emissions vs. compression ratio.
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Figure 20 - HC and CO emissions vs. compression ratio.

The efficiency calculations in Figure 19 exhibit a steady behavior with increasing compression,
however, they are generally lower than the results from the previous fuels.

The NOx and HC emissions only slightly increase with compression and range from less than 10
PPM and 900-1050 PPM, respectively.  The CO emissions decrease slightly from about 1050 to 800
PPM with compression, where these concentrations are comparable to the other fuels.



The results for hexane are presented in Figures 21, 22, and 23.  An equivalence ratio of 0.336 and an
initial temperature of 25°C were used.  Hexane also exhibited two-stage type HCCI combustion.
Again, near constant volume combustion was impossible, with the duration of combustion about
600 µs.
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Figure 21 - Log pressure vs. log volume.
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Figure 22 - Indicated thermal efficiency and NOx emissions vs. compression ratio.
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Figure 23 - HC and CO emissions vs. compression ratio.
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Figure 25 - Indicated thermal efficiency and NOx emissions vs. compression ratio.
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Figure 26 - HC and CO emissions vs. compression ratio.

The efficiency and NOx and HC emissions data are steady with compression ratio, while the CO
emissions decrease.  However, the results indicate that the HCCI  process did not completely
oxidize the fuel.  The efficiency and NOx are low (40% and <5 PPM, respectively), while the HC and
CO emission are high (1000-3000 PPM) with respect to the other fuels.

Figures 24, 25, and 26 show the results for n-heptane.  An equivalence ratio of 0.334 and an initial
temperature of 24°C were used.  It is evident that the HCCI combustion process for n-heptane also
proceeds in two stages.

The efficiency results from Figure 25 indicate that at low compression ratios some reaction of the
fuel occurs, however, even at compression ratios near 50:1 it seems as if combustion does not go to
completion.  The emissions data further support this conclusion.  An increased initial temperature
may improve the combustion conditions, however, this was not investigated.



The final data set is for isooctane, shown in Figures 27, 28 and 29.  An equivalence ratio of 0.321
was used at initial temperatures of 25 and 70°C.  Isooctane, like propane and natural gas, burned in a
single step process and at nearly constant volume, as can be seen in Figure 27.  However, the
efficiency and emissions data indicate that the combustion process did not go to completion when
the initial temperature was 25°C.

Further testing at 70°C seemed to improve the combustion conditions where higher efficiencies and
lower emissions resulted.  The trends with compression ratio at this starting temperature are similar
to natural gas, however, the thermal efficiency is still lower than the most efficient fuels.

 Discussion

The purpose of the combustion experiments was to establish the potential for high efficiency and
low emissions of the free piston, HCCI combustion process.  The data presented here do that,
illustrating that significant improvements relative to conventional technologies are possible.

Compared to ideal Otto cycles operating at standard compression ratios (12:1) and using
stoichiometric mixtures (about the limit of today’s SI engines with three-way catalysts), ideal Otto
cycles operating on much higher compression ratios (30:1) and utilizing lean mixtures are capable of
thermal efficiency improvements of near 40%.  Our experiments show a similar improvement
relative to contemporary engine performance (Muranaka and Ishida 1987) with fuels such as
propane, hydrogen, and natural gas, where indicated efficiencies near 56% have been measured.

100

1000

104

0.0001 0.001

P
re

ss
ur

e 
 (

kP
a)

Volume  (m3 )

Compression Ratio:  28:1
Equivalence Ratio:  0.321
Initial Temperature:  70 C
Initial Pressure:  1ATM Isooctane

3.550e-05

Figure 27 - Log pressure vs. log volume.



0

10

20

30

40

50

60

70

0

20

40

60

80

100

120

140

10 20 30 40 50 60 70 80

Thermal Efficiency,  T initial = 25 C
Thermal Efficiency,  T initial = 70 C
Thermal Efficiency,  T initial = 70 C

NOx,  T initial = 25 C
NOx,  T initial = 70 C
NOx,  T initial = 70 C

In
di

ca
te

d 
T

he
rm

al
 E

ffi
ci

en
cy

  (
%

)

N
O

x  (
P

P
M

)

Compression Ratio

Isooctane
φ = 0.321

P initial = 1.5-2 ATM P initial = 1.5-2 ATM

Figure 28 - Indicated thermal efficiency and NOx emissions vs. compression ratio.
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Figure 29 - HC and CO emissions vs. compression ratio.

Comparison of these results to actual engine data, however, must be done with great caution since
the intake and exhaust processes are not included, and the fuel/air mixture is completely
homogeneous and quiescent before the compression stroke.  However, the following trends are
noted for the free piston, HCCI combustion process:

1. High compression ratio can be achieved at the time of combustion.  While the initial
temperature and fuel type have a strong effect on the compression ratio at which the
combustion reactions begin, compression ratios above 30:1 seem achievable for practical
operating conditions (e.g., inlet temperature, etc.).  The data are unclear regarding
efficiency improvements with increased compression ratio, though this could be due to
the range of starting temperatures used and the variation with the different fuels
investigated.

 



2. The high rate of combustion in many cases approaches the constant volume combustion
condition.  This is especially true for the fuels which have a single stage combustion
process (propane, natural gas, hydrogen, methanol, and isooctane).
 

3. Over-compression of the cylinder gases after autoignition occurs does not seem to
significantly affect the cycle thermal efficiency.  While it is possible that greater heat
losses are balanced by an increase in the extent to which the fuel/air mixture reacts to
completion, this effect cannot be large since the greatest heat release occurs earlier in the
compression stroke.  This seems to indicate that heat losses do not significantly increase
with over-compression.  This conclusion is justified by the fact that operation of the
experiment without the piston and cylinder head insulation coatings resulted in an
efficiency only 5% less than the insulated runs.
 

4. NOx emissions do increase with over-compression.  This is due mainly to the increased
temperatures that result, or the increased time that the cylinder gases spend at higher
temperatures.
 

5. NOx emissions can be sufficiently controlled by decreasing the equivalence ratio, since
the problems of spark igniting ultra lean mixtures are not of concern in the HCCI
combustion process.  HC and CO emissions are present in varying degree,  but
increasing the initial temperature generally seems to reduce these emissions.

 
6. The autoignition characteristics of the fuels tested in these experiments varied widely,

and as such the efficiency and emissions results differed significantly.  As the data show,
some fuels do not react completely, or react in two steps.  Generally, higher initial
temperatures and higher compression ratios were required to burn more of the fuel to
completion.  An additional factor that may affect the burning process, especially for the
two stage fuels, is the rate of piston oscillation.  This variable should be investigated in
the future.

The oxidation catalyst performance on these emissions should be investigated in the future.  An
interesting possibility for emissions control would be to utilize 50% internal EGR (i.e. leave 50% of
the combustion products in the cylinder) and add a stoichiometric fresh charge to the remaining
cylinder volume.  Such an operating strategy with a three-way catalyst could be very attractive.  A
test series investigating this option was performed with propane where the emissions after 4 cycles
were measured.  NOx was 130 PPM, CO 1720 PPM and HC 360 PPM.  The indicated thermal
efficiency was 50%.

Current research with HCCI combustion in crankshaft driven engines have shown results similar to
ours.  Christensen et al (1997) evaluated isooctane, ethanol and natural gas in a 1.6 liter displacement
single cylinder research engine at a fixed 21:1  compression ratio, at a speed of 1000 RPM.  Their
efficiency results (not including the inlet/exhaust strokes) using similar equivalence ratios are over
50%.

This research raises the question as to the importance of the free piston geometry to this combustion
concept.  Certainly the lack of massive kinematic constraints is attractive for such high compression
ratios, and the electronic control of compression ratio broadens the operating range.  However, the



increased compression ratio possible with the free piston at the time of combustion may not provide
much advantage.  In the future the performance of the combustion system using a free piston and a
crankshaft driven piston under identical operating condition will be compared.

Finally, our work, as well as Christensen’s, adds further credibility to the explanation of timing loss
as the main cause for real cycle departure from ideal cycle performance as compression ratio is
increased.

 Summary

This paper presents the results of an investigation conducted to determine the effect of
homogeneous charge compression ignition combustion of dilute fuel/air mixtures with a free piston
on the cycle thermal efficiency and exhaust emissions.  The investigation was conducted in a single
stroke gas driven combustion experiment in which an initially quiescent, premixed fuel/air charge
was compressed to the point of autoignition and then expanded.  The cycle thermal efficiency was
calculated from measurements of pressure and piston displacement, and the NOx, HC, and CO
emissions were measured on the combustion gases using continuous exhaust gas analyzers.

The results of this study have shown that significant improvements in indicated thermal efficiencies
relative to spark ignition engine performance can be achieved.  The results for propane and natural
gas were approximately 56%.  The primary cause of this high conversion efficiency is nearly
constant volume combustion at high compression ratio.

In addition, this combustion approach controls NOx formation by utilizing dilute mixtures, an
approach not possible in spark ignition engines utilizing hydrocarbon fuels.  Regulated emissions
such as HC and CO must be controlled by exhaust gas aftertreatment.
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Figure A.1 - Schematic of free piston combustion experiment.

 Appendix

Rapid Compression Expansion Machine

A schematic of the RCEM and the experimental setup is illustrated in Figure A.1.  The RCEM uses
high pressure helium gas to drive a double ended, free piston from one end of a double ended
cylinder to the other.  This driving motion compresses the initially quiescent fuel/air charge to the
point of autoignition.  As the combusted gases expand the piston is driven back through the cylinder
recompressing the helium driver gas.  The piston bounces a few times before coming to rest.  The
oscillating piston motion from a typical run is illustrated in Figure A.2.  Here it can be seen that the
piston does not fully return to its initial position due to the compression of the trapped helium gas.

The relevant specifications of the RCEM can be found in Table A.1.  A detailed description of the
machine’s construction and operation follow.

Double-Ended Cylinder
The cylinder section was constructed of 6061-T6 aluminum with the dimensions of 35.56 cm length,
7.62 cm inside diameter, and 15.24 cm outside diameter.  The cylinder bore was hard anodized and
honed to a finish of 16-32 microinches.  The body was wrapped with Briskheat electrical heating
tape and covered with FiberFrax insulation to perform heated experiments.



Cylinder Heads

The front and back cylinder heads were constructed of 304 stainless steel.  The front head
(combustion chamber) contained access ports for two pressure transducers, two surface
thermocouples, an air-operated pressure trap, and fuel loading.   All pressure transducer holes were
centered on a radius of   25 mm.  The port for fuel loading was located in the center of the head.  The
back cylinder head contained access ports for one pressure transducer and the source driver gas.
Both cylinder heads were wrapped with Briskheat electrical heating tape, over wrapped with
ThermoTec insulation, and then covered with FiberFrax insulation.

Table A.1 - Rapid Compression - Expansion Machine Specifications.

Bore (mm) 76.2
Stroke (mm) 254 max, 236 typical
Displacement (L) 1.076 typical
Cylinder 6061 aluminum,

hard anodized
Cylinder Head 304 stainless steel
Piston 303 stainless steel
Maximum Piston
Speed (cm/s)

1100 typical

Natural Oscillation
Frequency (Hz)

40 typical

0

5

10

15

20

25

30

0 0.05 0.1 0.15 0.2 0.25

P
os

iti
on

 (
cm

)

Time (s)

Combustion occurs during
first stroke

Figure A.2 - Piston position vs. time.



Piston and Seals

The double ended piston was machined from 303 stainless steel to the dimensions of 11.05 cm
length and 7.85 cm diameter.  The mass of the piston, including the piston seals, was 2.89 kg.

In order to accurately quantify the thermal efficiency of the cycle it was important that the cylinder
gases not be lost to leakage from the combustion chamber.  In an effort to seal off the front
chamber, three different seal configurations were used.  These are described in detail below.  The
final combination represented the best option for the combustion experiment’s operation, and
produced the most consistent data.

In the first configuration each end of the piston was fitted with one ring seal.  A Furon lip seal (part #
250-334-3307) was used in conjunction with a stainless steel expander spring.  Additionally, a Teflon
sleeve was attached to piston’s midsection to improve the piston’s movement inside the cylinder.
Parker Teflon-impregnated o-rings (part #2-334-V848) were used in place of  the Furon seals in
some tests.

In the second configuration the piston was fitted with two seals located on the combustion chamber
end, and one seal on the driver end.  In this design a C. Lee Cook compression ring (part #
559648WGX) was used on the outer combustion chamber end, and behind that, a Furon lip seal
(part # 250-334-3307).  Here an o-ring was used in the place of the expander spring.  On the driver
end, a Furon lip seal was used with the stainless steel expander ring.  In addition to these outer seals,
two C. Lee Cook bronze-impregnated Teflon rider rings (part # 559647MFL) were fitted to the
piston’s midsection.  Parker Teflon-impregnated o-rings were also used in place of the Furon ring on
the combustion chamber end in later tests.

The third seal configuration used two seals on the combustion chamber end and one on the driver
end.  The outer combustion chamber seal used a Parker orange Teflon ring (part # S-5000-48), and
behind that a Furon lip seal (part # 250-334-3307) with an o-ring expander second ring.  On the
driver end a Furon lip seal was used in conjunction with a stainless steel expander spring.  In this
configuration, two C. Lee Cook bronze-impregnated Teflon rider rings were used.  In later tests a
Parker Teflon impregnated o-ring was used in place of the Furon seal on the combustion end.

Due to the changes in the piston/seal mass resulting from the different seal configurations, the
piston’s center section had to be machined so that the total piston/seal mass of 2.89 kg could be
maintained.

Seal Lubrication

In early tests Parker silicone based Super-O-Lube was used to lubricate the o-rings.  This lubricant
however, was found to partially oxidize during the experimental runs.  This was especially
noticeable after the hydrogen and isooctane tests.  Deposits were found on both the piston and
cylinder head, and within the tubing leading to the emissions analyzers.  Inaccurate readings of the
exhaust emissions and fouled efficiency calculations resulted.  The extent to which the emissions
data were skewed can be seen in Figure 13, where the HC and CO emissions should have been null.



The use of seal lubrication was discontinued after this finding and the experimental apparatus fully
cleaned.

Piston and Cylinder Head Coating

The piston crown and combustion chamber head were coated with Dow Corning Silastic J silicone
in order to reduce the heat transfer between the cylinder gases and the combustion chamber
surfaces.  The details of the application procedure are described below.

The piston and cylinder head were first glass bead blasted to roughen the surface, and then wiped
with acetone to remove any contamination.  The cylinder head was masked off with a 15.24 cm
diameter round plastic adhesive sheet that had a 7.62 cm hole in the center.  This mask was used to
limit the area covered with Silastic J and to set the depth of the coating.  Both parts were primed
with Dow Corning P5200 adhesion promoter.

After the primer dried, the silicone was applied to both parts with a spatula.  The silicone was also
applied to an aluminum blank that had been treated with mold release.  The blank had three small
pins, each protruding 0.5mm from its surface which were used to maintain a gap between the piston
and the blank.

The piston and cylinder head, and blank were then placed in a vacuum chamber to degas the Silastic
J.  The parts were removed from the vacuum chamber and the piston placed on the aluminum blank.
The weight of the piston forced the excess from between the piston and the blank leaving the piston
resting on the blank’s pins.  The coating on the cylinder head was leveled with the mask by drawing
a straight edge across the surface.

Both parts were allowed to cure overnight with a final cure the next day in an oven at 60 C for four
hours. The coating thickness was verified by slicing the coating from each part with a razor and
measuring its thickness with a caliper.

Fuel Mixing

Both liquid and gaseous fuels were tested.  For gaseous fuels a premixed charge storage bottle (10
liters) was evacuated to a pressure of 1 Torr or less, and then filled with the fuel to a desired pressure
(calculated based on the fuel/air equivalence ratio).  When this pressure was reached, the bottle was
valved off and the contents allowed to achieve a stable temperature.  Changes in the fuel’s pressure
were recorded, and then dry air was slowly added until the total fuel and air pressure reached the
required value.

For liquid fuels two methods were used to mix the fuel and air.  The first method used a direct
cylinder injection technique while the other relied on the use of a premixed storage bottle.  A brief
description of each follows.

In the first method the combustion chamber was initially filled with dry air to atmospheric pressure
and sealed off.  The fuel loading port was opened and a small amount of fuel injected directly into
the cylinder using a stainless steel syringe.  The port was quickly closed and the mass of injected
fuel measured on a Mettler AE-163 scale.  The fuel was then allowed to completely evaporate.  This



process lead to variations in the fuel/air equivalence ratio between test runs so a new method of fuel
loading was developed.

In the second method the premixed storage bottle was initially evacuated to a pressure of 1 Torr or
less.  A small container containing liquid fuel was then connected to the storage bottle housing and
the fuel allowed to evaporate into the bottle and piping.  Once the bottle pressure and temperature
stabilized the bottle was valved off and the liquid fuel container removed.  Dry air was added to the
storage bottle until the desired equivalence ratio was reached.  Care was taken to ensure that the fuel
remained vaporized at room temperature.

Mass spectrometer analysis has verified the precision of each mixing method.

The RCEM was located in a high pressure test cell.  The transfer of the combustible gas mixes from
the 10 liter fuel/air tank to the experiment cylinder was done remotely, as was the addition of air to
the fuel/air storage tank and the firing of the device.

Cylinder Charging

To fuel the experiment the piston was moved to its initial position at the back of the cylinder by use
of vacuum and atmospheric pressures.  The entire assembly was then evacuated to a pressure of 1
Torr or less, and the premixed fuel/air charge loaded through the fueling port to a cylinder pressure
of about 760 Torr.

Piston Driving

The helium driver gas was remotely pumped up to the required driving pressure using a Newport
Scientific Aminco pump.  The driver gas pressure was typically 362,000-490,000 Torr, depending on
the desired compression ratio (higher compression ratios required higher driver pressures).  To
dump the high pressure helium gas into the driver end of the cylinder, a specially modified Nupro
bellows valve actuated with an Autoclave Engineers air operator (also driven by helium) was used.
With this configuration the driver supply was quickly released into the back end of the cylinder.
Data acquisition was triggered by the rising pressure in the driver end.

Pressure Measurement

The static magnitude of all low pressure gases was measured using two 10,000 Torr absolute
pressure range MKS Barratrons, Type 390 HA heads with Type 270B display units achieving an
accuracy of 0.05% of reading.  High pressure gases (i.e., helium) were measured using Teledyne-
Taber strain gauge transducers with an accuracy of 0.25% of full scale.

Dynamic pressures were measured using piezoelectric effect transducers.  Pressure on the driver end
was quantified with a Kistler Type 607 transducer coupled to a Kistler Type 5004 charge amplifier.
The combustion end utilized two transducers.  Kistler Type 7061A, 7063A, 7061B, 607L, and  AVL
Type QC42D-X were employed with Kistler Type 5010 and 5026 charge amplifiers.  To improve the
accuracy of the combustion pressure measurements the transducers were coated with Dow Corning
Silastic J silicone compound.  The application procedure was essentially the same as that used for
the piston/cylinder head coating, and is described below.



Pressure data were recorded on three Nicolet 4094 digital oscilloscopes through 12 bit Type 4570
plug-ins, at a rate of 500,000 samples per second.

In order to ensure the accuracy of the combustion chamber pressure record, an additional Teledyne-
Taber Type 2210 transducer was added to the cylinder head.  This transducer was isolated from the
combustion event through the use of an air operated valve.  The valve, initially closed, was opened
during the first expansion stroke so that the final expansion pressure could be recorded.  A
Daytronic Type 3270 strain gage conditioner/indicator was used in conjunction with this transducer.

A comparison of the Teledyne-Taber transducer record to the Kistler and AVL records indicated
that the AVL unit matched the Teledyne-Taber record better.

Pressure Transducer Coating

The procedure for applying the Silastic J thermal coating to the pressure transducers is described
here.  The application procedure for the Kistler and AVL pressure transducers was very similar to
the piston/head coating procedure.  The transducers were first glass bead blasted to roughen the
surface, and then wiped with acetone to remove any contamination.  The transducers were coated
with Dow Corning P5200 adhesion promoter; this promoter was found to work equally well for the
plain style stainless steel face transducers and the TiN coated transducers.

After the primer dried the transducers were threaded into a setup fixture and locked with their faces
0.5mm below the surface of the fixture.  Silastic J was then applied to the transducers with a spatula.
The transducers were placed in a vacuum chamber to degas the Silastic J.  The transducers and
fixture were then removed from the chamber and the Silastic J leveled by pulling a razor across the
surface of the setup fixture.  The transducers were then allowed to cure overnight with a final cure
the next day in an oven at 60 C for four hours.  After the transducers cooled they were removed by
slicing the Silastic J around the transducer face and unthreading them from the fixture.  The coating
thickness was verified by coating one transducer without first priming it.  This allowed the cured
Silastic J to be peeled from the transducer and its thickness measured with a caliper.

Displacement Measurement

The piston displacement was measured using a Data Instruments FASTAR Model FS5000HP
inductive transducer.  Data were recorded on a fourth Nicolet 4094 digital oscilloscope at a rate of
200,000 samples per second.



Vibration Measurement

The vibration of the rapid compression-expansion machine was measured using two Endevco
Model 2250A M1-10 accelerometers mounted on the back end cylinder head.  One accelerometer
recorded vibrations along the cylinder’s axis, while the other recorded movement in the transverse
direction.  Both accelerometers were connected to Unholtz-Dickie Mod D22 series charge amplifiers
and data were recorded on a fifth Nicolet 4094 digital oscilloscope through 12 bit Type 4570 plug-
ins, at a rate of 500,000 samples per second.

The physical vibration of the RCEM was thought to be a source of noise in the pressure and
displacement  data records as seen in Figure 5.  This was confirmed by analyzing the vibration
history of the machine.

Figure A.3 plots the transverse acceleration of the machine along with the position-time trace.  It can
be seen that the machine shakes considerably after the combustion event.  This motion was
concluded to be responsible for the jaggedness of the position data, and the sawtooth shape of the
pressure record.

Exhaust Emissions

Due to the small quantity of combusted gas available, a series of steps were taken to maximize the
analysis of the combustion products.  After each run the cylinder gas was fed through an Omega
Engineering, Inc. Model FMA 7305 flow controller and into the analyzer manifold.  Separate
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Figure A.3 - RCEM lateral acceleration and piston position vs. time.

valves were used to control the flow into each emissions analyzer.  The feeds were split from the
flow meter and only one analyzer used at a time.  The free piston-cylinder arrangement maintained a
constant back pressure on the combusted gases.

Analysis of the NOx, CO, CO2, and HC concentrations was achieved by alternating the flow through
each emissions analyzer.  The response time for each detector was quantified through the calibration
procedure.



Emissions Calibration

Each of the analyzers used was calibrated in the same manner.  First, appropriate zero and span
gases from compressed gas cylinders were sent through each analyzer via the flow meter manifold
described above.  After each analyzer was calibrated, the span gas was reintroduced to the analyzer
to determine the response time required to achieve consistent readings.

This procedure was then repeated, but this time with the zero and span gas sources located in the
piston-cylinder device.  The response time for data acquisition in this manner was also noted.

NOx Measurement

A Rosemont Analytical Model 951A NOx analyzer was employed for NO and NOx measurement.
This analyzer was calibrated using  a 6.7 parts per million (PPM) NO span gas.  Since only one
cylinder’s worth of combustion products was available for analysis, the bypass flow was eliminated,
and the burned gases pumped directly through the analyzer.

CO Measurement

A Rosemont Analytical Model 880A Non-Dispersive Infrared CO analyzer was employed for CO
measurements.  This analyzer was calibrated using an 801 PPM CO span gas.

CO2 Measurement

A Rosemont Analytical Model 880A Non-Dispersive Infrared CO2 analyzer was employed for CO2

measurements.  This analyzer was calibrated using a 3.89% CO span gas.

Unburned Hydrocarbon Measurement

A Rosemont Analytical Model 400A flame ionization hydrocarbon analyzer was employed for
unburned HC measurements.  This analyzer was calibrated using a 110 PPM propane-in-nitrogen
background span gas.  In this device the bypass flow was also eliminated, and the burned gases
pumped directly through the analyzer.

Combustion Gas Analysis

In order to quantify leakage of the gases from the cylinder during the test sequence, the combusted
gases were periodically examined using pressure-volume-temperature (PVT) analysis.  In this post
test procedure the combustion products were expanded into a larger measurement tank (10 liters) to
a pressure of approximately 80 Torr to ensure that all the water vaporized.  Due to the small quantity
of gas available only a PVT test or emissions analysis could be performed.
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Clean Air Now

CAN/Xerox Hydrogen Project Relocation
to SunLine Transit Agency

“From Demonstration to
Commercialization”

or

 “From the Public to the Private for the Public”

U.S. Department of Energy Hydrogen Program Annual Review
Denver, CO

May 5, 1999

James J. Provenzano, Executive Vice President Clean Air Now
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Clean Air Now

Summary of Approach & Rationale

X Capitalize on $ & effort expended, & region
X Assist commercial application within the transportation sector
X Expand developing infrastructure for hydrogen delivery
X Lessons learned and people trained
X Improve public exposure/health
X Maintain renewable aspect of generation
X Technology integration and evaluation (comparative)
X Industry restructuring a plus; grid storage
X Equipment upgrades
X More miles
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Clean Air Now

Past Results

X Country’s largest & 1st fully permitted solar hydrogen facility
& hydrogen powered vehicle fleet. (TRP, AQMD, private $)

X Safety assessments published and widely used
X 3 H2 ICE w/emissions testing & permits
X Publications, videos, press
X Outreach, tours, conferences, shows
X Practical experience
X Employment
X Construction experience with systems
X Systems improvement
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Clean Air Now

Current Year Results

X Signed agreements & funding cost-share
X Site layout/preliminary site construction
X Engineering & structural being performed
X Permitting process is underway
X Equipment determination; “P3” ready to ship
X Plans w/U.S. Department of Energy to move “old” module
X Part of “old” array will be used by Boys & Girls Club
X UC Davis project funded/project integration & coordination
X Tours & conferences (Leuzinger, AQMD, USC, Riverside,

etc.)
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Clean Air Now

Plans for Future Work

X Turn over operation to SunLine, assets to DOE
X Davis/Sacramento Project
X Public Education & Outreach
X Education Center @ SunLine
X Assist with inter-agency committee
X Stress health effects of air pollution
X Health Effects video
X California Fuel Cell Partnership
X Educate policy makers
X Help Dr. Zweig retire
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Clean Air Now

Status of Economic Evaluation

X Project conducive to comparative analysis
X SunLine SOW
X Increased availability of direct recharging of fuel cell vehicles
X Increased employment in hydrogen energy technologies
X Increased experience
X Psychological factor
X Potential site for California Fuel Cell Partnership

implementation
X Reduced emissions = healthier public
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Clean Air Now

Major Barriers/Safety Issues

X Lack of Codes & Standards
X Boeing North America
X Public perception
X Lack of experience with H2 within permitting agencies
X Education
X Reliable compressors
X Storage (tankage) certification
X $ going to onboard reforming
X Training
X Detection
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Clean Air Now

Status:  Technology Transfer & Partners

X U.S. Department of Energy
X Clean Air Now
X SunLine Transit Agency & SunLine Services Group: CNG
X South Coast Air Quality Management District
X Stuart Energy Systems:  Systems improvement
X Matrix Engineer & Contractors:  Experience
X PhotoVoltaics International:  System improvement
X Imperial Irrigation District:  Restructuring & remote power

application/load leveling potential w/renewables
X Hydrogen Components, Inc.
X Daimler-Chrysler (SunLine)
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HYDROGEN-ENRICHED FUELS

Ranson  Roser
NRG Technologies, Inc.

681 Edison Way
Reno, NV 89502

Abstract

NRG Technologies, Inc. is attempting to develop hardware and infrastructure that will
allow mixtures of hydrogen and conventional fuels to become viable alternatives to
conventional fuels alone. This commercialization can be successful if we are able to
achieve exhaust emission levels of less than 0.03 g/kw-hr  NOx and CO; and 0.15 g/kw-
hr NMHC at full engine power without the use of exhaust catalysts. The major barriers
to achieving these goals are that the lean-burn regimes required to meet exhaust
emissions goals reduce engine output substantially and tend to exhibit higher-than-normal
total hydrocarbon emissions. Also, hydrogen addition to conventional fuels increases
fuel cost, and reduces both vehicle range and engine output power. Maintaining low
emissions during transient driving cycles is a difficult challenge that is often overlooked
in lean-burn testing.

Our approach to overcoming these problems has been to investigate the applicability of
know concepts and technologies that can overcome the barriers to success. To recuperate
lost engine power, super/turbocharging,  and increasing volumetric efficiency,
compression ratio, engine speed and displacement are options. Combustion chamber
design, valve timing and the “optimization” of tradeoffs between engine power and
efficiency with spark timing are also important parameters.

A three-year test plan has been developed to perform the investigations into the issues
described above. This paper outlines the major work performed during “Year  2” of the
three year plan. Exhaust gas recirculation investigations were initiated on a single-
cylinder engine, but the majority of work was performed on a 4.6L V8  engine. An
innovative supercharger system was used for lean-burn power recuperation. Steady-state
engine dynamometer testing was performed to document the effects of excess air, speed,



load, ignition timing, and catalyst effects on emissions with 30% H2 and natural gas
mixtures. Two different cylinder head designs were also evaluated on the V8. The
engine dynamometer testing progressed into vehicle driveability evaluations and then to
transient emissions testing at an independent laboratory. Finally, pre and post-catalyst
exhaust gas speciation was performed in order to assess OEM CNG fuel catalyst
performance when operated with hydrogen-enriched natural gas.

Background

The purpose of adding hydrogen to conventional fuels is to extend the lean limit of
combustion to the point where harmful exhaust emissions are lowered significantly below
the level achievable by existing catalyst technology. Figure 1 shows a graphical
representation of this principle. Figure 1 shows a region where increases in excess air in
a combustible mixture result in a reduction in oxides of nitrogen (NOx), carbon monoxide
(CO), and total hydrocarbons (THC). The reduction in NOx is a function of a reduction
in peak combustion temperature as the excess air increases the specific heat of the
combustible mixture. The reduction in CO and THC results from more complete
combustion as the fuel easily and more completely reacts with the greater abundance of
oxygen. However, a point is reached in which increases in excess air critically weakens
the combustible mixture strength. This reduction in mixture strength results in a decline
in combustion stability that induces a rapid increase in THC which is known as the lean
limit of combustion.

Figure 1. Lean Burn Emissions Trends

For conventional fuels operating in conventional engines, the emissions nitrogen oxides,
or NOx, cannot be reduced sufficiently using lean-burn strategies to out-perform
commercial catalyst technology. The addition of hydrogen to conventional fuels
increases the volatility of the combustible mixture and allows stable combustion to occur
in extended lean regimes that would otherwise not be possible. This extension of the lean
limit with hydrogen allows an extension of the NOx reduction trend with increasing
amounts of excess air depicted in Figure 1. The question is, “How much hydrogen must
be added to achieve desired exhaust emissions?”

Previous work in this area was performed by the NRG  Technologies staff while at the
Florida Solar Energy Center (Collier, et al 1996). Figure 2 from this work shows the total



hydrocarbon emissions as a function  of equivalence ratio and percent of the volume of
fuel mixture that is hydrogen. The base fuel is natural gas, consisting of 96% methane,
and the engine is a Ford 4.6L  V8. Notice that as hydrogen is added to the base fuel, the
rapid rise in hydrocarbon emissions occurs at greater amounts of excess air (lower
equivalence ratio). An anomaly is apparent in that 10 and 20 percent hydrogen acted
similarly, as did 30 and 40 percent. The major extensions of the lean limit occurred
between 0 and l0, 20 and 30, and 40 to 50 percent hydrogen. A highlight from that work
was the achievement of < 0.05 g/kWh  NOx for bmeps up to 500 kPa  and rpms above
1700 due to the extension of the lean burn limit with 30% H2.

Figure 2. THCs  As a Function of H2  and Equivalence (From Collier et. al.)

Other research dealing with hydrogen-natural gas mixtures and lean burn has been
conducted. The Bartlesville Energy Research Center (Eccleston 1972) and a joint project
between Hydrogen Consultants, Inc. and Colorado State University (Fulton 1993) have
published results. The BERC project investigated up to 20%,  by volume, of hydrogen
supplementation of natural gas. They concluded that:

1 .
2.

3.

The lean limit of combustion is extended by the addition of hydrogen.
The lean limit is not extended sufficiently  to obtain exhaust emissions lower than
that achieved by catalyst systems with only 20% hydrogen.
Exhaust gases are generally less reactive with hydrogen addition.

Critical  Areas of Interest To Be Investigated During Three Year Project

The critical areas of interest for this project are based on the desire to demonstrate and
automotive engine platform that produces superior emissions to conventionally fueled
technologies (including natural gas) by using hydrogen-enriched natural gas (HCNG)  in
ultra-lean burn combustion. To achieve this goal NRG Technologies is conducting
fundamental fuel and engine research in-order-to address issues that are foreseen as



potential barriers to success. The three year project involves work in the areas below.
l Ultra lean-burn power losses must be recuperated with turbocharging or

supercharging and all final emissions work must be based on an engine system that
can meet customer’s performance expectations.

l More thorough investigations of advantages/disadvantages of various hydrogen
percentages in the fuel  will be conducted. More H2 can achieve leaner combustion
and lower NO, but at the expense of less power output, higher fuel  cost, less vehicle
range and greater engineering difficulties if too much H2 is desired.

l Transient emissions testing using established protocol for a more appropriate look at
the emissions performance compared to conventional technologies.

l Engine design parameter evaluations with HCNG to appropriately gauge the
maximum potential of HCNG as a fuel.  Compression ratio, valve timing, piston and
cylinder head design, bore-to-stroke ratio, exhaust gas recirculation, intake air
charging strategies, and catalysts are all engine design features that have important
effects on engine performance, efficiency, and emissions. OEMs tailor these
parameters for the fuel  being used and the performance/emissions needs of the
market.

l Exhaust gas speciation is necessary to assist catalyst optimization investigations and
to quantify the concentration of photoreactive hydrocarbons which are the compounds
of interest in emissions certification standards.

Summary of Current Year Activities
R&D Methodology
NRG Technologies’ basic research approach is to perform initial investigations of engine
design and control methodologies on an in-house single-cylinder research engine. This
platform is a cost-effective starting point for evaluating engine operating issues such as
hydrogen content in the fuel,  intake air charging, exhaust gas recirculation, exhaust
aftertreatment, cylinder head design, and compression ratio. Successful concepts from
the single-cylinder engine are then incorporated into a real-world multi-cylinder engine
for further  evaluation. The multi-cylinder platform is also tested using a steady-state
approach on an engine dynamometer. Once promising component design, equivalence
ratio, emissions and other engine management relationships are sufficiently  defined, then
the evaluation progresses to in-vehicle testing of driveability. The final evaluation phase
is transient emissions verification on a chassis dynamometer. Complete vehicle transient
emissions testing under a known testing protocol is essential to producing a final
quantitative gauge of the technology’s benefits compared to conventional fuels.

Single-Cylinder Engine Research
Single-Cylinder Platform Description
NRG Technologies’ in-house single-cylinder engine is based on a Ford 2.3L  in-line four.
Three of the piston and connecting rod pairs were removed to create the “single-cylinder”
arrangement. The engine was rebalanced and all applicable intake and exhaust tracks
were deactivated with sheet metal gaskets. This platform was selected early on for initial
basic strategy evaluations because it consumes far less fue1,  assures no air/fue1 ratio data
variation due to cylinder-to-cylinder distribution, and aftermarket variations in major
components, such as pistons and cylinder heads, exist for the base four-cylinder structure.



This makes it a cost-effective arrangement for broad scopes of engine design evaluations.
The engine is sufficiently equipped with sensors to monitor all critical pressures,
temperatures, air flow, fuel flow, and in-cylinder combustion data.

Previous Single-Cylinder Work
“Year One” work consisted mainly of single-cylinder evaluations under varying speeds
and loads for 25,  30,  and 35% hydrogen contents in natural gas. This research was based
on the stock piston and cylinder head components of the original Ford 2.3L  gasoline
engine with a 8.7: 1 compression ratio. This early work laid a sound emissions
characterization base for subsequent evaluations of alternative engine design variations.

Current  Year Single-Cylinder Activities
In the current reporting year (Year Two) the cylinder head was replaced with one that
allowed two spark plugs per cylinder. This dual-plug head was chosen because it would
allow evaluation of a second spark plug’s ability to extend the lean limit by adding extra
ignition energy to the initial stage of combustion. Furthermore, the face of this new head
was milled to create a 12:1 compression ratio for a major engine parameter change from
the relatively low stock 8.7:1 compression. Other than the shaving of the head and the
extra port for an additional spark plug, this new cylinder head has the same basic flow
geometry of the original. The investigation of the effects of compression ratio on the
hydrogen-enriched mixtures is underway at this time and no data is presented here.

Exhaust Gas Recirculation
An investigation of exhaust gas recirculation (EGR) on the single-cylinder platform has
also been initiated. EGR is a commonly applied technique to reduce NOx emissions in
conventional automotive engines under part load conditions. The exhaust gas acts as an
air/fuel  charge dilutant just as excess air does in lean-burn, the major difference being the
lack of oxygen in EGR. Each method of charge dilution increases the specific heat of the
charge thereby lowering the peak combustion temperature and subsequently NOx

emissions.

A comparison between EGR and lean burn and their relative NO, reducing effectiveness
was performed using 28% hydrogen at wide-open-throttle, 1800 rpm, and a constant 6%
exhaust oxygen content as measured by a heated NTK wide-range oxygen sensor. Here
the term “EGR” will mean a combination of excess air and recirculated exhaust gas and
the term “lean-burn” is intended to mean excess air only. An Optrand  pressure
transducer was mounted in the spare spark plug port to allow acquisition of real-time P-V
data for indicated work analysis. A coefficient of variation (COV) for a set of 300
combustion cycles was determined for each stable operating condition measured. COV is
an indication of combustion stability or consistency and is calculated by dividing the
standard deviation between individual indicated work cycles by the average indicated
work for the P-V data set. A COV greater than 10% is generally accepted as an
unacceptable condition in which a driver would perceive erratic engine operation.

Figure 3 shows a plot of NOx emissions against “equivalent lambda,” or in other words,
the equivalent level of charge dilution based on the quantity of molecules that cannot



contribute to oxidation of the fuel. Figure 3 shows that the NOx reducing tendencies of
EGR and lean burn are remarkably similar under the stated conditions. Also shown is
the corresponding total hydrocarbon emissions (THCs) and COV, respectively. It
appears from the data that lean burn has an advantage in COV over EGR but a
disadvantage in THC emissions. Although neither methodology has a clear advantage,
the results show that EGR is certainly a viable compliment to lean burn. These results
are an important step in understanding the value of EGR for HCNG fuels because it is
such a commonly applied NO, reduction technique in gasoline engines but is rarely
studied in combustion regimes as lean as those NRG Technologies is investigating.

Equwalent  

Figure 3 - EGR Vs. Lean Burn

Equipment Failures and Timeline  Setbacks
The timetable for testing EGR and increased compression ratios has fallen behind
schedule on the single-cylinder engine due to two unexpected circumstances. First, we



experienced a series of single-cylinder engine driveshaft wear issues and one catastrophic
failure. Eventually, the rigid driveshaft/U-joint  arrangement was replaced with a
torsionally compliant flexible coupling between the engine and dynamometer. This
flexible coupling also failed even with the manufacturer’s direct assistance in selecting
the appropriate model. The manufacturer has since identified our overall problem as a
resonance issue typical of single-cylinder engines and has supplied couplings of
alternative natural frequencies that should eliminate the problem. Each failure, though,
has taken a toll on the testing timeline  because of the time and care taken to ensure the
long-term safety of equipment and personnel.

The second delay in the testing timeline  was due to a failure in our spark plug mounted
in-cylinder pressure transducer. This unit is the basis for all combustion stability
quantification and is a critical instrument in the research of lean combustion. Its
replacement took over four months to arrive due to manufacturing setbacks with its
OEM.  The replacement is appropriate for block or head mounting rather that the weaker
spark plug mountable unit. This problem happened somewhat in series with the
driveshaft  issues resulting in a significant setback in single-cylinder testing.

V8 Testing of Hydrogen-Enriched Natural Gas
A significant amount of 30% H2  testing was performed on a Ford 4.6L V8 engine. The
engine started life as the power plant for a dedicated CNG Crown Victoria full size
passenger car offered directly from Ford. NRG installed an identical 4.6L  mule block on
a Midwest eddy current dynamometer for steady state emissions testing. The wiring
harness, cylinder heads, and fuel system from the car were transferred to the dyno
engine. NRG installed a programmable engine control unit (ECU) and an integrated
intake manifold/supercharger assembly. The programmable ECU allows NRG to dictate
air/fuel ratio and ignition timing over the entire speed and load range of the engine.

The 4.6L engine development process for operation on 30% H2  proceeded in the
following manner:
l Supercharger assessed and modified for lean-burn power recuperation
l Characterized pre-catalyst emissions over a range of speed and load as a function of

excess air (or O2  content in exhaust)
l Compared the performance of two cylinder head designs
l Tuned ignition timing and air/fuel ratio for best post-catalyst emissions
l Speciated pre and post-catalyst emissions to evaluate stock CNG catalyst

performance
l Installed system back into vehicle and tuned ECU further for driveability
l Performed transient emissions test of vehicle system at independent facility
l Submitted vehicle for six month field evaluation in Las Vegas, NV

Supercharger
The stoichiometric air/fuel ratio for a mixture of 30% H2 and 70% natural gas is
approximately 18:1.  The lean burn regimes required to maintain superior NOx emissions
with HCNG fuels is approximately 30:1.  Most CNG engines are based on gasoline
engine structures and gasoline is typically cornbusted at 14.7:1.  Therefore, it is
appropriate to say that an HCNG engine running at 30:1 will require approximately
double the amount of naturally aspirated air flow using conventional fuels under



stoichiometric operation in order to make equivalent power. It is this characteristic of
extreme lean-burn operation that mandates the use of a supercharger or turbocharger to
satisfy vehicle driveability requirements

The supercharger incorporated into the 4.6L  HCNG engine by NRG Technologies
features a screw compressor integrated into a cast aluminum intake manifold. It is sold
by Ford’s Specialty Vehicle Operations (SVO) arm for enhancing the performance of
Ford Mustangs which also use the Ford 4.6L  engine. Figure 4 shows a comparison
between the SVO unit (left) and the original intake manifold for naturally aspirated
operation. The SVO system makes excellent use of the overhead cam engine’s "V" 
valley and results in an intake system that has the same vertical dimensions as the
original. This was essential for this platform because the engine bay is not conducive to
larger centrifugal blowers that are mounted like conventional accessories.

Figure 6 shows air flow curves for the SVO supercharger with two supercharger drive
pulleys. The 3 inch diameter drive pulley was ultimately selected because it drove the
supercharger faster than the original 3.6 inch pulley for any given engine speed. These
superchargers are normally installed in competition engines that are expected to perform
at 6,000 - 8,000 engine rpm. However, passenger cars like the Crown Victoria normally
redline at about 5,000 rpm and downshift between gears at about 2,500 - 3,000 rpm
during normal accelerations. An even smaller pulley for higher rpm would probably have
been incorporated by NRG if not for belt slippage issues.

Figure 4 - SVO integrated supercharger/intake manifold (left)



Figure 6 - Supercharger Air Flow Data

Full Load Emissions
Figure 7 shows the emissions characteristics of the 4.6L V8 under wide open throttle

 (WOT) conditions with a constant 10% excess oxygen in the exhaust. These operating
points are rarely expected in normal driving but are a good indication of worse case
emissions. It can be seen that a higher supercharger rotor drive speed does increase air
flow and power as desired, but at the expense of higher intake air temperatures due to
enhanced boost and subsequently higher NOx emissions. It is NRG’s intent to
investigate inter-cooler options to address the temperature induced NOx increases.

NOx Emissions as a Function of Speed, Load, and 02  Content
The WOT supercharger evaluation described above was made to assure vehicle
driveability under lean-burn operation before moving forward with efforts to characterize
and tune the engine for emissions under more realistic conditions. Engines for
passenger cars and pick-up trucks are operated at part throttle conditions for the
majority of a normal day’s driving cycle so most emissions characterization was
performed at part load. Figure 8 shows NOx emissions as a function of engine speed,
load percent and O2 content at MBT timing. Obviously, NOx emissions were lowest with
12% excess O2 in the exhaust, but the THCs for these runs showed that 12% O2 was
too close to the lean limit. This mapping proved to be very useful in determining the
safety margin between clean, stable operation and high THC, unstable operation.

Effects of Cylinder Head Design on Emissions
A visual inspection of the stock cylinder heads indicated that they were designed to
enhance in-cylinder swirl generation. Swirl is a method of increasing air/fuel charge
mixing by inducing large rotational flow movement in the charge stream as it fills the
cylinder during the intake stroke. Swirl generally results in lower hydrocarbon emissions
as is promotes a more homogeneous air/fuel charge, but at the expense of higher NOx

emissions and lower engine power due to flow losses. An aftermarket high-flow cylinder
head for the 4.6L  engine was installed. High-flow heads are generally characterized by
large intake ports, valves and other refined flow feathers that minimize pressure losses.
These heads are generally designed to minimize swirl.



Figure 7 - Full Load Emissions & Performance on 30% H2

Figure 8 - Part Load NOx Emissions at MBT Timing



The six graphs in Figure 9 show NOx and THC performance at various speeds and loads
for both the stock and high-flow aftermarket cylinder heads. All data was taken while
holding excess exhaust O2 content to 10% to keep the same lean air/fuel ratio. The
high-flow heads show a clear advantage in NOx emissions. The increase in THCs using
the high-flow heads is considered to be an acceptable trade-off. These results agree
with other CNG studies that more swirl results in more NOx at lean air/fuel ratios
(Sakurai 1993).  Based on these results the aftermarket cylinder heads were
permanently selected as the heads of choice.

Figure 9 - Comparison of SVO High-flow & Stock Cylinder Heads

Ignition Timing and Exhaust Aftertreatment
After the effects of excess air are were properly assessed, attention moved to tuning
ignition timing. Timing, or spark advance, plays an important role in an engine’s power,
efficiency, and emissions. Figure 10 shows the typical 4.6L  pre-catalyst emissions data
as ignition timing was retarded at 1700 rpm, 50% load, and 10% excess exhaust O2.
Again the advantages in NOx emissions are viewed as a worthy trade-off for the increase
in THCs. Also shown are the typical effects of running the HCNG exhaust stream
through the stock Ford catalyst. Combined NO and NO2  emissions were not affected by
the catalyst in lean burn, but the ratio between the two was altered. Some NO2  seems to
have been converted back to NO through the catalyst. Hydrocarbons are only
marginally affected. However, CO is eliminated due to the abundant O2  concentration
that is readily available for oxidation. All lean-bum post catalyst emissions testing
showed 0.0 ppm of CO.



Figure 10 - Effects of Timing and Catalyst

Figure 11 is a broad look at the typical NOx and THC emissions under a very broad
range of tuning conditions. The data represents an equivalence ratio of anywhere from
0.54 to 0.68 and a load range of 2% to 80%. Figure 11 is intended to show that very low
NOx emissions can be obtained over a broad range of conditions.

Figure 11 - Typical Scope of NOx and THC Tuned Emissions

Transient Emissions Testing
The HCNG fuel system was installed back into the Crown Victoria once steady-state
engine dynamometer testing was completed. This included the supercharger, the high- 
flow cylinder heads, the programmable ECU, and the air/fuel ratio and ignition timing
parameters determined from engine dynamometer tuning. Initial street driveability
evaluations led to a decision to change the rear axle gear ratio from 2.73:1 to 3.08:1.  
This allowed for better take-off feel from a dead stop. More tuning modifications were



made for transient driveability. Once the street tuning was complete, the vehicle was
delivered to the Clean Air Vehicle Technology Center (CAVTC) in Hayward, CA for
independent evaluation of transient emissions performance.

The Crown Victoria was evaluated using the Hot 505 portion of the Federal Test
Procedure (FTP). The light-duty FTP is a transient 2477 second chassis dynamometer
test with four phases as shown in Figure 12. The first 505 second phase is performed
with the vehicle having first soaked overnight at a regulated temperature to account for
the emissions effects of a cold engine that is in the process of warming up. This first
section is known as the Cold 505. The 506-1372 second phase is referred to as the
stabilized phase and simply represents inner city driving with a warm engine. The
vehicle’s engine is then turned off for ten minutes for a hot soak before being started
again for the last 505 seconds of the test. This last portion is known as the Hot 505 and
is identical the first phase of the FTP except for the engine being at normal operating
temperature. The Hot 505 is considered a very good gauge of a vehicle’s transient
emissions, especially with gaseous fuels. The difference in emissions between the Cold
505 and Hot 505 is usually more pronounced in gasoline vehicles. Gasoline
vaporization is reduced with cold engine temperatures leading to higher THC emissions.
Obviously there will be cold catalyst disadvantages to the Cold 505 with any fuel. The
emissions from each phase are bagged and later measured to determine the total mass
emissions for CO, THC and NOx. The total mass of each pollutant is divided by the
driving distance of the test procedure to give emissions values in grams per mile.

Figure 12 - Light-Duty Federal Test Procedure

Table 1 shows the results of the Crown Victoria’s Hot 505 performance in relation to
California’s LEV, ULEV, and SULEV emissions certification standards. The non-
methane organic gas (NMOG) concentration had to be estimated from the total
hydrocarbon data based on previous exhaust gas speciation data. Methane
hydrocarbons are non-reactive for photochemical smog generation and as such only the
NMOG are regulated. Although the NMOG was in the LEV category, NRG believes that
SULEV NMOG emissions can be achieved with closed-loop feedback control and/or
better catalyst selection.

The Crown Victoria’s NOx emissions from the Hot 505 are impressive and may also
reach the SULEV level with feedback control to prevent deviations from desired air/fuel



ratio during transient operation. Carbon monoxide emissions continued to be 0.0 as it
always did during steady-state post-catalyst testing on the engine dynamometer.

Table 1 - Transient Emissions Performance and Standards

Pre and Post-Catalyst Exhaust Speciation
Pre and post-catalyst exhaust gas samples were taken from the 4.6L  engine in order to
understand the effectiveness of Ford’s catalyst to reduce HCNG based hydrocarbon
emissions and to understand the composition of the HCs  for estimation of non-methane
organic gas content. Figure 13 shows the results of the speciation tests performed by
Desert Research Institute in Stead, Nevada using gas chromatographs. The results
suggest that unsaturated hydrocarbons such as ethene, propene, and acetylene are
more easily converted to harmless products than the saturated hydrocarbons like
ethane. More extensive catalyst work is expected to take place with the single-cylinder
engine. The effects of natural gas composition on engine out hydrocarbon
characteristics using exhaust speciation was performed in Year 1.

Figure 13 - Effects of Ford Catalyst on HCNG Hydrocarbons

Conclusion

NRG Technologies, Inc. is conducting a three year research program to develop
the technical knowledge base for producing HCNG fueled lean-burn engines that
are significantly cleaner than conventional technology, yet meet the market’s
needs for conventional performance. The program is following a cost effective
research approach with both single- and multi-cylinder engine testing. Testing to



date has addressed H2 content in the fuel, recuperated power with
supercharging, EGR, cylinder head design issues, transient emissions
evaluations, and hydrocarbon speciation. More research data will be generated
in each of these areas as the project continues through its third year.
Investigations into combustion chamber shape, exhaust catalysts, compression
ratio, and special coatings are in NRG’s Statement of Work (SOW) as well. It is
important to note that the 4.6L HCNG powered Crown Victoria served a Las
Vegas fleet for six months with no component failures or problems to address
which, with the impressive transient emissions data, is a testament to the
success of the program to date.

Optimization of the Crown Victoria package has been added to the three year
SOW. This type of work was intended for a Ford F150 platform that had been
removed from the SOW earlier. The goal for the reinstated vehicle optimization
with the Crown Victoria will be to incorporate closed-loop feedback control to the
ECU algorithms and investigate catalyst and EGR strategies further to achieve
the California Air Resources Board’s SULEV emissions classification.
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Abstract

In this progress report (covering the period May 1998 -September 1998), we summarize
results  from technical and economic assessments of hydrogen energy systems.
Generally, the goal of our research is to illuminate possible pathways leading from present
hydrogen markets and technologies toward wide scale use of hydrogen as an energy
carrier, highlighting important technologies for RD&D.  This work was carried out as part
of the systems analysis activity of the US Department of Energy Hydrogen R&D Program
under Contract No. DE-FG36-95G010061.

Result from two studies are described. Both were begun in November 1997 and were
completed in September 1998.

Task 1. We assessed potential supplies and demands for hydrogen energy in the New
York City/New Jersey area.  The goal of this study is to provide useful data and
suggest possible implementation strategies for the New York City/New Jersey
area, as the Hydrogen Program plans demonstrations of hydrogen vehicles and
refueling infrastructure.

Task 2. We assessed the implications of CO2 sequestration for hydrogen energy
systems.  The goals of this work are a) to understand the implications of CO2
sequestration for hydrogen energy system design; b) to understand the
conditions under which CO2 sequestration might become economically viable;
and c) to understand design issues for future low-CO2 emitting hydrogen energy
systems based on fossil fuels.



Introduction

Summary of Approach/Rationale

Since 1986, researchers at Princeton University's Center for Energy and Environmental
Studies have carried out technical and economic assessments of hydrogen energy
systems. Our approach has been to assess the entire hydrogen energy system from
production through end-use from several perspectives (fuel producer, consumer, society)
considering technical performance, economics (e.g. capital cost, delivered hydrogen cost,
cost of energy services), infrastructure, environmental and resource issues.  The goal of
our work is to illuminate possible pathways leading from present hydrogen markets and
technologies toward wide scale use of hydrogen as an energy carrier, highlighting
important technologies for RD&D.  This work has been part of the systems analysis
activity of the DOE Hydrogen Program since 1991.

Past Results

In the late 1980s and early 1990s we focussed on the long term potential of hydrogen
derived from renewables (solar, wind, biomass).  These studies suggested  that renewable
hydrogen used in energy efficient end-use devices (e.g. fuel cells) could become
economically competitive, beginning in the next century.  More recently we have
explored how a transition to large scale use of hydrogen energy might begin, starting with
the use of hydrogen from natural gas.

Over the past few years our focus has been on strategies for producing, distributing and
using hydrogen as a fuel for zero emission vehicles.  We have looked in detail at various
near term options available for providing hydrogen transportation fuel to vehicles
(production of hydrogen from natural gas or off-peak power).   We have also considered
longer term options such as gasification of biomass or MSW and hydrogen from wind or
solar.  In FY '95 and FY '96 we assessed the potential impact of advances in small scale
hydrogen production technologies (steam reforming of natural gas, electrolysis using off-
peak power) on the cost of hydrogen transportation fuel.  In particular, we assessed the
possibilities for low cost, small scale hydrogen production from natural gas.  During
FY'96 (July 1995-July 1996), we completed a case study of developing a hydrogen
refueling infrastructure in Southern California.

In FY'97 and FY'98 (July 1996-November 1997), we studied the prospects for using
hydrogen as a fuel for fuel cell vehicles, compared to vehicles witrh onboard reformation
of methanol or gasoline. Vehicle performance and cost and refueling infrastructure issues
were considered.

In FY'98 (November 1997-September 1998), two projects were completed::

* an assessment of potential  supplies and demands for hydrogen transportation
fuel in the New York City/New Jersey area and



* an assessment of the implications of CO2 sequestration for the design of
hydrogen  energy systems.

This progress report summarizes the results of these two studies

Publications

Table 1 and the attached bibliography summarize Princeton CEES work related to
hydrogen and fuel cells.  Studies supported by the USDOE Hydrogen R&D Program are
indicated with a star "*".

Papers on our DOE sponsored work on hydrogen infrastructure and fuel cell vehicle
modeling have been presented to a variety of audiences including talks at the Society of
Automotive Engineers Topical Technical Conference on Fuel Cell Vehicles (March 1998),
two National Hydrogen Association Meetings (March 1997 and March 1998),  the '97
World Car Conference (January 1997), the Aspen Energy Forum (July 1997), and the
SAE Fall Fuels and Lubricants Meeting (October 1998). Two papers based on our DOE
sponsored work have been accepted for publication in peer reviewed journals and will
appear in 1999 (one in the International Journal of Hydrogen Energy and one in the
Journal of Power Sources).

We have presented talks on our work on Hydrogen Energy Systems and CO2

Sequestration at the DOE Workshop on Fuels Decarbonization and Carbon Sequestration
(July 1997),  the 9th National Hydrogen Association Meeting (March 1998), the 12th
World Hydrogen Energy Conference (June 1998) and the 10th National Hydrogen
Association Meeting (April 1999).

Current Year Results

Task 1: Assessment of Potential Supplies and Demands for Hydrogen
Energy in The New York City/New Jersey Area (November 1997-September
1998)

The New York City/New Jersey metropolitan area is a possible candidate for "Clean
Cluster" type demonstrations of hydrogen energy technologies.   Like California, New
York City and New Jersey have severe urban air quality problems and are considering the
use of zero and low emission vehicles.  Unlike California, relatively little analysis has been
done looking into the possibilities for hydrogen and fuel cell vehicles.

As part of this year's research, we carried out a preliminary study of potential hydrogen
demands and supplies in the New York City/New Jersey area, similar to our earlier work
in Southern California (Ogden 1997, Ogden 1999).  This study builds on our previous
work on hydrogen infrastructure, and on preliminary studies at CEES on the potential for
hydrogen production from muncipal solid waste (Larson, Chen and Worrell 1996.).



In particular, we address the following questions:

Task 1.1.  What are potential demands for hydrogen for transportation markets in the
New York City/New Jersey area. We consider centrally refueled applications such as
urban buses, vans and fleet autos, as well as public automobiles.

Task. 1.2. What are potential supplies for hydrogen for transportation markets in the New
York City/New Jersey area. considering:

* truck delivered or pipeline delivered merchant hydrogen,

* hydrogen byproduct from chemical plants and refineries,

* onsite  hydrogen production from steam reforming of natural gas at small
scale,

* electrolytic hydrogen from off-peak power,

* hydrogen from gasification of municipal solid waste.

Task 1.3 What is the production cost and delivered cost of hydrogen transportation fuel
from these various sources.

Summary of Results

Task 1.1: What are potential demands for hydrogen for transportation markets in
the New York City/New Jersey area.

* There is a strong impetus to develop low polluting vehicles in the New York
City/New Jersey area, which may present opportunities for hydrogen and fuel
cell vehicles.  Both the New York City metropolitan area and the state of New
Jersey are currently non-attainment areas for ozone, carbon monoxide and
particulates. New York state has a zero emission vehicle mandate, similar to the
California ZEV regulations, and in August 1997 passed legislation offering tax
credits for the incremental cost of alternative fueled vehicles and refueling
stations, including hydrogen.  New York City has undertaken a variety of efforts
to introduce alternative vehicles.  New York is probably second only to
California in its commitment to alternative vehicles.  New Jersey has a smaller
but active program in alternative fueled vehicles, and a growing awareness of
fuel cells and hydrogen, encouraged by the presence of several fuel cell
companies, hydrogen suppliers and large scale hydrogen users such as refineries
based in the state. New Jersey recently decided to develop a state Climate
Change Action Plan, and has endorsed a National LEV standard.



* Both the New York City area and New Jersey are potentially large markets for
alternative transportation fuels. There are significant numbers of urban transit
buses, almost all run on Diesel fuel, a large population of other centrally refueled
fleet vehicles, and large, grographically concentrated populations of passenger
vehicles.Tables 2 and 3 shows data for buses, centrally refueled fleets and
passenger cars in New York and New Jersey.  Using assumptions about energy
consumption, if these vehicles were converted to run on hydrogen fuel cells,
based on earlier studies (Ogden, Kreutz and Steinbugler 1998), the potential
hydrogen demand can be estimated.

* If siginficant numbers of vehicles in New York City or New Jersey were
converted to hydrogen, a large hydrogen demand would develop.

o The current light duty vehicle population in New Jersey is about 5.7
vehicles (including 1.0 million light trucks).  The average annual mileage
is 10,330 miles/yr, and the average fuel economy is 20.3 mpg.  Vehicle
miles are projected to increase from their 1995 level of 187 million
miles/day to 209 million miles/day in 2010.  We assume that the average
fuel economy of light duty vehicles can be increased by a factor of four
over present levels through a combination of lighter weight, more
streamlined design (which could improve fuel economy by perhaps a
factor of 1.5) and adoption of fuel cells rather than ICEs (which would
increase fuel econony by another factor of 2.5).  In this case, we find that
the statewide average fuel economy would be 80 mpg equivlent.  The
hydrogen needed would be about 1000 million scf/day to supply all NJ
light duty vehicles in 2010.

o There are about 5300 buses in New Jersey including commercial and
public fleets.  Virtually all the buses are centrally refueled.  The total
energy use by buses in New Jersey in 1990 was estimated to be 5.9
Trillion BTU/yr of Diesel.  Assuming that a fuel cell bus would acheive a
50% higher fuel economy than a Diesel,  the hydrogen needed to power
New Jersey's fuel cell transit buses would be about 33 million H2/day.

o For New York City, the total vehicle miles are estimated to be 19
billion/year for light duty vehicles (or 52 million vehicle miles/day).  The
energy use is 127 million GJ/yr. Assuming that fuel cell vehicles could
improve fuel economy from the current average of 20 mpg to 80 mpg,
the corresponding hydrogen use for all NYC light duty vehicles would
be about 250 million scf H2/day.

o New York City's 3600 public transit buses log a total of about 90 million
bus-miles, requiring perhaps 15 million scf/day of hydrogen, if fuel cell
buses were used.



o State level data on energy consumption in centrally refueled fleets of
autos and trucks are not generally available.  However, about 220,000
fleet autos and 265,000 fleet trucks are located in New York State and
136,000 fleet autos and 154,000 fleet trucks in New Jersey.  Nationally, a
sizeable fraction of heavy delivery trucks (65%)  and service trucks
(44%) are estmated to be centrally refueled, which would facilitate use of
an alternative fuel such as hydrogen.  Moreover, an estimated 75-80% of
large business, government and utility fleets are centrally refueled.
Nationally, the average number of vehicles in non-transit fleets is 200,
but the median is 33, siggesting that there are a few large fleets and many
small ones.  Although it is difficult to quantify non-transit fleet markets
from the available data, it is possible that on the order of 100,000 cars in
the New York/New Jersey region, might be centrally refueled.  Since
fleet cars tend to be driven about twice as far as non-fleet cars, fueling a
fleet of 100,000 cars would require about 20 million scf of hydrogen per
day. Fleet trucks would require a larger amount of hydrogen.

Task 1.2: What are potential hydrogen supplies in the New York City/New
Jersey area.

* There are a variety of potential near term hydrogen supplies in the New York
City/New Jersey area, which could be used to provide hydrogen transportation
fuel.  These include truck delivered merchant hydrogen, byproduct hydrogen
from refineries and chemical plants, onsite hydrogen production via small scale
steam reforming of natural gas, onsite hydrogen production via small scale water
electrolysis.  In the longer term hydrogen might be produced from large scale
steam reforming of natural gas with pipeline distribution or gasification of
municipal solid waste.

* Industrial gas companies in the NYC/NJ area generally meet hydrogen demands
in the range needed for refueling stations (0.1-2.0 million scf H2/day) via truck
delivery of either liquid hydrogen or compressed hydrogen gas.  The hydrogen
is originally produced at distant Chloralkali plants, and trucked into the area,
rather than at nearby large steam methane reformers dedicated to merchant
hydrogen production, as in Southern California.  There are currently no
industrial hydrogen pipelines operating in the New York City/New Jersey area,
except perhaps within refineries.  Several  industrial gas companies (Air
Products and Chemicals, Praxair, BOC Gases, Air Liquide, MG Gases) serve
this area.

* Excess byproduct hydrogen may be available from refineries and chemical
plants located in New Jersey. Several large chemical/refinery complexes are
found in New Jersey located in: 1) the Newark area, 2) the Philadelphia/Camden
area, 3) the area near the Delaware Memorial Bridge at the NJ/DE border, which



has both refineries and a Chloralkali plant.  It  appears likely that some hydrogen
may be available from such sources, totalling perhaps a few million scf/day,
enough for a few hundred buses.

* There is a significant amount of off-peak power available in New Jersey (total
generation capacity is approximately 18,000 MW, and in theory about one third
to half this capacity could be available for off-peak power generation), but the
price of off-peak power is presently high, on the order of  7 cents/kWh . This
may make it  difficult for onsite electrolysis to compete as a source of hydrogen.
Many analysts believe that the price of off-peak power should eventually go
down with deregulation and utility restructuring, although the ultimate price is
difficult to predict.

* In New York City, lower cost off peak power rates (about 3.5 cents/kWh) are
available to large industrial or commercial customers.  Electrolysis will still be a
more costly method than onsite steam reforming of natural gas.

* Onsite production of hydrogen from natural gas in small steam refomers is
another possibility.  However, the cost of natural gas is moderately high in the
region, as New York and New Jersey are at the "end of the pipeline" bringing
gas from the Gulf states.  Natural gas costs are about $4.4/GJ to a large
industrial/commercial customer in New York City, and $4.9/GJ in New Jersey.
Moreover, there is little excess capacity in the existing natural gas interstate
pipelines serving the New Jersey/New York City area.  In the winter, gas
delivery is limited by long distance pipeline capacity (rather than local
distribution pipelines).  Increasing natural gas supplies to the region (for
example, to produce enough hydrogen to meet the demands for a large fleet of
vehicles) could be costly if it entailed building new interstate natural gas pipeline
capacity.  Supplying enough natural gas to make hydrogen for all light vehicles
in New Jersey (assuming fuel cell vehicles are used) would increase the natural
gas flow into the state by perhaps 25%.  There are currently plans to expand
pipeline capacity into the Northeast for heating.

* Gasification of municipal solid waste is an intriguing longer term possibility for
hydrogen production in the New York City/New Jersey area. (A system for
hydrogen production from MSW gasification has not been commercialized
although the component technologies are available)  This would also help solve
the problem of waste disposal, a serious issue in a region where landfill space is
virtually exhausted.   Preliminary calculations show that  if all the non-
recycleable waste streams in New York City were used to make hydrogen for
fuel cell vehicles about 44% of New York City's estimated 19 billion light duty
vehicle miles could served by this resource alone.  Equivalently  all of transit
buses in New York City could be served by about 16% of the MSW.  A similar
fraction of LDVs in New Jersey could be served if all New Jersey's municipal
solid waste were gasified for hydrogen production.  The economics of this
approach depend upon the scale of the plant (nominally a MSW to hydrogen



plant might produce 25 million scf H2/day, enough for a fleet of perhaps
250,000 fuel cell cars, although smaller plants may be possible), and the tipping
fee.

* Because the New York City/New Jersey region has higher energy prices than
many regions of the US, onsite small scale hydrogen production may be more
expensive than in regions with lower energy costs.  For example, projected costs
in Southern California are somewhat lower than in New York and New Jersey.

* Figures 1 and 2 summarize the potential hydrogen supplies and demands in
New Jersey.  In the near term, refinery excess  hydrogen and hydrogen from
natural gas would be sufficient to get started. Or hydrogen could be produced
via onsite reforming of natural gas. In the longer term gasification of MSW may
be an interesting option.

Task 1.3:  What is the production cost and delivered cost of hydrogen
transportation fuel from these various sources.

The delivered cost of hydrogen transportation fuel depends on energy prices.  In Table 5,
natural gas and electricity prices are shown for New Jersey and New York.  Based on
refueling system designs developed in earlier studies (Ogden 1998), we have calculated
the delivered cost of hydrogen transportation fuel as a function of refueling station size
for a range of supply options including:

* Centralized production of hydrogen from natural gas with delivery by liquid
hydrogen truck

* Centralized prodction of hydrogen via steam reforming of natural gas with local
gaseous pipeline delivery (shown for low demand density and high demand density
cases).

* Onsite production of hydrogen via small scale reforming of natural gas

* Onsite production of hydrogen via small scale electrolysis using off-peak power

The estimated cost of hydrogen transportation fuel from various sources is estimated in
Figure 3 for energy prices in New York and New Jersey.  We see that hydrogen from
natural gas offers the lowest delivered transportation fuel cost.  Because of the relatively
high cost of off-peak power (3.5 cents/kWh in New York and 7 cents/kWh in New
Jersey), electrolytic hydrogen is a more expensive alternative.

The delivered cost of hydrogen transportation fuel in New York City/New Jersey area
varies from about $15-40/GJ depending on the station size and the supply option.

Data Sources



Data on vehicle energy use and alternative vehicles were obtained from  the New Jersey
Board of Public Utilities Energy Department (NJBPU), the New Jersey Department of
Environmental Protection (NJDEP),  the New Jersey Department of Transportation
(NJDOT),  and the NJ Office of Sustainability, the New York Power Authority,
NYSERDA, the Northeast Alternative Vehicle Consortium and the Northeast Sustainable
Energy Association.

For current energy prices in the area, we contacted the  individual electric and gas utilities
in the area (Public Service Gas and Electric, GPU/Jersey Central Power &Light, Atlantic
Electric Company, Rockland Electric, New Jersey Natural Gas, South Jersey Gas, and
Elizabethtown Gas, Consolidated Edison, New York Power Authority, Brooklyn Union
Gas, Lilco), and using data from annual reports of the NJBPU.

For an understanding of current merchant hydrogen infrastructure in the area, we
contacted Air Products, Praxair, and BOC Gases.

For data on hydrogen production in refineries and other chemical plants (Chloralkali,
etc.), we collected data from the industrial gas companies, as well as from oil companies
(Mobil and Exxon).

For data on the availability and content of municipal solid waste as a feedstock for
hydrogen production, we contacted the New Jersey DEP, the New York Power Authority
and the NY Department of Sanitation.

For data on fleet vehicles, and vehicle populations we consulted studies by the NJDOT,
the NJBPU, Oak Ridge National Laboratory, the American Automobile Manufacturers'
Association, and the Federal Highway Administration.

For estimates of hydrogen production, distribution and refueling systems, we utilized data
collected in earlier studies of hydrogen infrastructure.

Methods Of Analysis

Where necessary, engineering models of hydrogen production, distribution and refueling
station equipment are being developed or adapted from our earlier work on hydrogen
infrastructure.

The levelized cost of hydrogen production, delivered hydrogen cost and lifecycle costs of
transportation are estimated using standard microeconomic techniques.

Interaction With Other Groups/Technology Transfer

Understanding the potential demand for hydrogen vehicles in New York City  and New
Jersey involved interactions with the state and local governmental groups involved in
alternative vehicles and energy, and with local gas and electric utilities.



These include the New Jersey Board of Public Utilities Energy Department, the New
Jersey Department of Environmental Protection (NJDEP), which is rapidly developing an
interest in hydrogen and fuel cells, and the New Jersey Department of Transportation
(NJDOT), which is currently sponsoring H-Power's development of small scale fuel cells
as battery replacements for highway warning signs.  Governor Whitman of New Jersey
has issued an order to develop a statewide "Climate Change Action Plan".

We have had several meetings with New Jersey officials involved in assessing the
potential of new technologies to reduce greenhouse gas emissions in New Jersey.  One of
the most active interchanges thusfar has been with the NJ Department of Environmental
Protection.  We have given a number of briefings to this group, and to others in the newly
created NJ Office of Sustainability and in the New Jersey Science and Technology Group
on fuel cell vehicles, hydrogen and CO2 sequestration.  There is a growing interest in
hydrogen and fuel cells in New Jersey, that may make it attractive as a potential site for
hydrogen vehicle implementation.

Other valuable data were obtained from the New York Power Authority, NYSERDA and
the Northeast Alternative Vehicle Consortium.

Task 2. Implications Of CO2 Sequestration For Hydrogen Energy Systems
(November 1997-September 1998)

Recently, it has been proposed that hydrogen could be produced at large scale via steam
reforming of natural gas, or gasification of coal or biomass, with low cost separation of
CO2 and permanent sequestration underground, for example in depleted gas wells or in
deep aquifers.  The basic idea is sketched in Figure 4, showing hydrogen production from
hydrocarbon feedstocks, with separation of CO2 during the process.  CO2 is piped to a
site for underground storage.  The hydrogen is compressed and transmitted to distant
users via high pressure hydrogen pipelines. A hydrogen energy system with sequestration
would allow the continued large scale use of fossil fuel resources while greatly reducing
CO2 emissions  into the atmosphere.

While CO2 sequestration is an active research topic, under investigation by the USDOE
(USDOE 1997, Socolow 1997) and internationally (Herzog 1997), there has been
relatively little work done linking this idea to concepts of hydrogen energy systems.
Indeed, CO2 sequestration raises a host of interesting hydrogen systems questions. These
include the following.

* What is the cost of hydrogen production with CO2 sequestration compared to
other hydrogen production methods?  How does it compare to localized
hydrogen production from natural gas and to fuel cycles with no net CO2
emissions (e.g. hydrogen from solar, wind or biomass)?  How does the cost vary



with demand? What are the potential impacts of new technologies for steam
reforming and CO2 separation?

* When would it make sense to start sequestering CO2?  In particular, at what
scale of hydrogen production could you begin sequestering CO2?  How large a
hydrogen demand must be in place before sequestering CO2 and distributing
hydrogen become economically attractive?   Answering this question involves
understanding the economies of scale of hydrogen production, CO2 separation
and sequestration, and pipeline transmission.

* What are plausible scenarios for a transition toward a large scale hydrogen
energy system with sequestration?  Under what conditions will pipeline
hydrogen (produced via large scale steam reforming and transmitted long
distances via pipeline) compete with locally produced hydrogen (either at the
city scale -- in a single city-sized refomer plant) or onsite (e.g. via small scale
steam reforming at a hydrogen refueling station)?

To study these questions we completed the following tasks as part of our work for the
Hydrogen R&D Program in FY'98.:

Task 2.1: Understand scale economy issues for hydrogen energy systems with
sequestration.

Task 2.1a. What are the scale economies of current and developing
technologies for steam methane reforming and CO2 separation?

Task 2.1b. What are the scale economies of local and long distance hydrogen
pipeline transmission? Using pipeline transmission models developed at
Princeton, we estimate the cost of hydrogen pipeline transmission as a function
of pipeline pressure, flow rate, and pipeline length.

Task 2.1c. What are the scale economies of pipeline transmission and
sequestration of CO2?  What determines the rate at which CO2 can be injected
at the sequestration site?

Task 2.1d.  How does the cost of hydrogen with CO2 sequestration vary with
the energy demand and the distance of the hydrogen plant and sequestration site
from the demand?

Task 2.1e.  What is the cost of hydrogen with CO2 sequestration, compared to
other hydrogen supply options (including "carbon-free" options such as
renewable hydrogen), as a function of demand?

Task 2.2. Estimate the conditions under which pipeline hydrogen with sequestration will
compete with other options.  How large must the demand be?  How close must the



hydrogen production be to the demand?  What are the potential impacts of new steam
reforming technologies?

Task 2.3. Sketch possible scenarios for a transition toward a large scale hydrogen energy
system employing CO2 sequestration.

Example: Understanding design issues for  natural gas-based hydrogen
energy systems with CO2 sequestration.

As an example, we consider a system with hydrogen production from natural gas and
sequestration of CO2.  As shown in Figure 5 there are a number of options for delivering
hydrogen to users, and for capturing CO2.  Key questions are

* "where do you make the hydrogen?" (hydrogen can be made at small scale at the
user's site; at city scale with local distribution; or at large scale near the source of
natural gas with long distance hydrogen pipeline transmission.)

and

* "where do you capture the CO2?" (In theory CO2 could be captured at small scale
and collected, or captured at city scale and piped some distance to a sequestration site,
or captured at a hydrogen production facility at the natural gas field and re-injected
into gas wells).

* when does hydrogen from natural gas with CO2 sequestration compete with other
low CO2 options?

The answers to these questions depend on scale economies in:

* hydrogen production,

* CO2 separation,

* pipeline transmission of hydrogen, natural gas and CO2,

* CO2 injection at the sequestration site

To size the various components in the system, we first must estimate the potential
hydrogen demand and associated CO2 production.

Hydrogen Demand

Table 5 shows hydrogen flows needed to supply various end-use demands.  Projected
hydrogen demand  varies over a wide range from 0.04 GJ/day for a single fuel cell car to
0.3 million GJ/day if all the cars in the Los Angeles Basin converted to hydrogen fuel cells



to 3 million GJ/day to equal the energy in the current natural gas flow in the Southern
Califormia Gas system.

Production of Hydrogen from Natural Gas

Catalytic Steam  Reforming

Catalytic steam reforming of natural gas is a well known, commercially available process
for hydrogen production (Rostrup-Nielsen 1984, Twigg 1989).  Hydrogen production is
accomplished in several steps: steam reforming, water gas shift reaction, and hydrogen
purification. (Figure 6 shows material flows for a typical hydrogen production plant based
on steam reforming of natural gas.)

 The steam reforming reaction

CH4 + H2O  <->  CO + 3 H2          ∆h = +206.16 kJ/mol CH4  (1)

is endothermic and is favored at higher temperatures, and lower pressures.  Typical
reformers operate at anywhere from 3 atm, 700oC to 15-25 atm, 850oC.   External heat
needed to drive the reaction is often provided by the combustion of abut 20% of the
incoming natural gas feedstock (purge gases from the hydrogen purification system are
often used in addition).  Heat transfer to the reactants is accomplished indirectly through a
heat exchanger.  Methane and steam react in catalyst filled tubes. Typically, the mass ratio
of steam-to-carbon is about 3 or more to avoid "coking" or carbon build-up on the
catalysts.   (At lower steam to carbon ratios, solid carbon can be produced via side
reactions.)

After reforming, the resulting syngas is sent to one or more shift reactors, where the
hydrogen output is increased via the water-gas shift reaction:

CO + H2O->   CO2 + H2                  ∆h = - 41.15 kJ/mol CO  (2)

which "converts" CO to H2. This reaction is favored at temperatures of less than about

600oC, and can take place as low as 200oC, with sufficiently active catalysts.  The gas
exiting the shift reactor contains mostly H2 (70-80%) plus CO2, CH4, and small
quantities of H2O and CO.  For hydrogen production, the shift reaction is often
accomplished in two stages.  A high temperature shift reactor operating at about 350-
475oC accomplishes much of the conversion, followed by a lower temperature (200-
250oC) shift reactor which brings the CO concentration down to a few percent by volume
or less.

Hydrogen Purification



The gas exiting the shift reactors contains (on a dry basis) about 77% hydrogen,19% CO2,
3% CH4, and 1% CO with traces of N2.  For most hydrogen applications, the gas must be
further purified. Since CO2 is the largest impurity, CO2 separation is done as part of the
hydrogen purification process.

The required degree of purification depends on the application.

For most industrial applications, hydrogen purities exceeding 95% are required. If
hydrogen is stored and transported to distant users as a fuel suitable for use in fuel cell
vehicles, purities approaching 99.999% are probably desirable.

Until about 10-20 years ago, conventional SMR plants used a chemical or physical
absorption step after the shift reactors to remove CO2 (Steinberg and Cheng 1988). The
CO2-free gas then undergoes a methanation step, converting any remaining CO to CH4,
yielding hydrogen purities of 95-98% (see Figure 6a).

More recently, pressure swing absorption (PSA) systems (Sircar 1988) have come into
common use to produce hydrogen at up to 99.999% purity (Figure 6b). In addition to
producing a higher purity (and therefore more valuable) product, PSA systems offer
lower energy costs than chemical absorption systems, which require significant heat input
to regenerate the absorbing solvent,  and lower hydrogen production cost (Steinberg and
Cheng 1988).

CO2 removal is a required step in hydrogen production via SMR.  Thus, a “base case”
hydrogen plant, whether based on SMR/PSA (Figure 6b) or SMR/absorption (Figure 6a)
involves CO2 removal from the hydrogen-rich gas exiting the shift reactor.  Along with the
CO2, other impurities such as CH4, CO, H2O, and N2 are  removed.  For CO2
sequestration, separation of pure CO2 from the mix is required, which can involve some
additional equipment and energy input.

Cost of Steam Methane Reformers

Steam reformers have been built over a wide range of sizes, from 0.1 million scf H2/d to
several hundred million scf H2/day.  The specific capital cost ($ per kW of hydrogen
output)  for various hydrogen production systems is shown as a function of plant size (in
million scf H2/day) in Figure 7.  Conventional steam methane reformer technology is
shown, as well as advanced small scale reformers based on fuel cell reformer technology
(Halvorson and Farris 1997).  Estimates for the mass produced capital cost of advanced
small scale "fuel cell type" reformers are shown for various levels of cumulative
production (1 unit up to 10,000 units), based on recent studies by Directed Technologies,
Inc. (Thomas et.al. 1997).  We see that the capital cost of small scale steam methane
reformers could be significantly reduced with advanced technology.

However, the production cost of hydrogen would still be less for centralized production
than for decentralized small scale production,  because the feedstock cost will be less at a



large central hydrogen plant than at a refueling station.  As shown in Figure 8, feedstock
costs dominate the total cost of hydrogen production.

Local Distribution of Hydrogen Transportation Fuel

Of course, centrally produced hydrogen must be distributed to users, which adds
distribution costs.  The cost of small scale, local gaseous pipeline transmission is shown in
Figure 9 as a function of pipeline length and number of fuel cell vehicles served.  Costs are
lowest for large flow rates and short pipelines (e.g. large, geographically concentrated
hydrogen demands). Figure 10 shows local hydrogen pipeline transmission costs including
the costs of compressing and storing hydrogen at a large centralized hydrogen production
plant and installing a city scale network of 3” diameter pipelines to take hydrogen to
refueling stations.  The total transmission cost varies with the density of the hydrogen
demand, e.g. the number of cars per square mile. Local distribution costs vary from about
$2/GJ H2 for  a dense population of H2 fuel cell cars (say 3000 cars per square mile,
equivakent to assuming that all the cars in downtown Los Angeles or Denver convert to
hydrogen) to $5/GJ or more for a sparser population of cars (e.g.assuming 10% of the
vehicle population in downtown urban areas or 100% of vehicles in a suburban area
convert to hydrogen).  The sparser the demand, the longer the pipeline network must be to
reach consumers, and the higher the cost.

Centralized vs. Decentralized Production of Hydrogen from Natural Gas

The delivered cost of hydrogen transportation fuel is shown in Figure 11 including
hydrogen production, local pipeline distribution (for centralized production) and refueling
stations.  We see that decentralized production with advanced reformers can  compete
with centralized pipeline production, because of pipeline distribution costs.  In the early
stages of developing a hydrogen infrastructure, small scale onsite steam reforming will be
lower cost. As demand increases, the cost of pipeline transmission is reduced, and the cost
of centralized production approaches that of decentralized production.

This suggests that a hydrogen infrastructure will build up using onsite production.  A large,
geographically concentrated demand will be required before centralized production with
pipeline distribution can compete.

Technologies for capturing CO2 during hydrogen production

Let us now assume that we want to sequester CO2. The first step is separating a pure
stream of CO2 during hydrogen production.  The CO2 is then compressed to 8-10 MPa,
transmitted via pipeline to a sequestration site such as an aquifer or depleted gas field, and
injected underground.



CO2 separation during hydrogen production

In hydrogen production from natural gas, the gas exiting the shift reactor contains typically
77% hydrogen, 19% CO2, 3% methane and 1% CO by volume on a dry basis. To purify
hydrogen, CO2 must be removed, along with other contaminants.

Various types of hydrogen purification technologies have been employed including
chemical or physical absorption systems and pressure swing adsorption (Sircar 1988).  At
present, hydrogen producers generally prefer pressure swing adsorption systems (PSA), as
they cost less than chemical absorption systems, require less enrgy input and produce
hydrogen at higher purity (up to 99.999% purity as compared to 95-98% purity with
absorption systems).

In chemical or physical absorption systems, a pure stream of CO2 is generated during
purification.  There is essentially no extra cost for CO2 separation  in this type of system.
The drawback is that the hydrogen purity is only 95-98%, with the primary impurities
being CH4 and CO.  Moreover, the energy input required to regenerate the absorbing fluid
can be substantial especially for chemical absorption systems using solvents such as MEA
or DEA.  For physical absoprtion systems such as Selexol, the energy cost is lower than
with chemical absorption systems, but the hydrogen purity is in the range 95-98%.

In PSA based systems configured for hydrogen purification, all the impurities CO2, CO,
CH4, H20 are removed in a mixture, leaving very pure hydrogen (up to 99.999%).
Separating CO2 from the contaminant mix requires an additional set of PSA beds and a
compressor stage to boost the pressure between beds.

The additional cost of  separating CO2 in a SMR/PSA system has been estimated by
Moore (Moore 1997) -- see Table 8.  Here a vaccum swing adsorption (VSA) CO2
separation system is retrofitted to a 80 million scf/day steam methane reforming hydrogen
plant with a PSA unit.  A VSA is similar to a PSA, but operates at less than atmospheric
pressure. As shown in Table 8, the extra installed capital cost for the CO2 separation
system is about  $8.4-9.2 million, or about 17-18% of the total capital cost for a plant this
size (which would cost about  $50 million installed).  In this system about 50% of the
carbon in the natural gas feedstock is captured as CO2.

The VSA compressor requires electrical input of about 106 kWhe/tonne CO2 separated.

The incremental cost of CO2 separation per tonne of CO2 separated can be estimated
(assuming an annual capital charge rate of 15%)

Incremental cost of CO2 separation= 0.15 x $8.4 million/(771 tonne CO2/d x 365 d/y)
+ 105 kWhe/tonne CO2 x $0.05/kWh = $4.48 + 5.25/tonne CO2 = $9.7/tonne CO2

Given that 35.6 GJ of hydrogen is produced per tonne of CO2, we find that the
incremental cost of CO2 separation in a VSA system adds



Added H2 cost for CO2 separation
 = $9.7/tonne CO2/(35.6 GJ H2/tonne CO2) = $0.27/GJ H2.

This is about 5-7% of the cost of hydrogen production in a large SMR plant.

Another estimate of CO2 separation costs is given by Katofsky (Katofsky 1993, Williams
et.al 1995).  In Katofsky’s design, a PSA with two sets of beds and a recycle compressor is
employed to produce a pure stream of CO2, as well as 99.999% pure hydrogen.  Here the
PSA system capital cost is about 30% of the total hydrogen plant capital cost (Williams
et.al 1995).  This compares with a typical PSA capital cost equal to about 10% of the total
plant cost,  for a PSA without CO2 separation (Moore 1996).  The incremental capital cost
of CO2 separation via added PSA beds is then about  20% of the total plant cost, which is
similar to Moore’s estimate above.

Katofsky’s design captures about 70% of the CO2 in the natural gas feed.  The plant size is
152.5 million scf H2/day, and 5.5 kg of CO2 are captured for every kg of hydrogen
produced.  The daily CO2 production is 2025 tonnes/d. The installed cost of the hydrogen
plant with VSA is estimated to be about $170 million. Taking 20% of this cost or $34
million as the incremental cost for CO2 separation, and a PSA recycle compressor load of
100 kWhe/tonne CO2, we find a cost of separation of

0.15 x $34 million/(2025 tonnes CO2/day x 365 d/y) + 100 kwhe/tonne CO2 x $0.05/kWh
= $6.9/tonne CO2 + 5.0/tonne CO2 = $11.9/tonne CO2.

The added cost of CO2 separation per GJ of hydrogen produced is approximately

 $11.9/tonne CO2 x 5.5 tonne CO2/tonne H2 x 1 tonne H2/142 GJ= $0.46/GJ H2.

This rough estimate is higher than that of Moore, adding 9-10% to the cost of hydrogen
production.

Scale economies for CO2 separation

The added capital cost of equipment for CO2 separation can be assumed to scale
approximately with the total plant capital.  For large SMR plants, a capital cost scale factor
of 0.57 is used (Williams et.al 1995).  The cost of electricity for compression will be less
sensitive to scale.

CO2 Compression at the Hydrogen Plant

Once CO2 is separated it must be compressed to superctitical pressures (about 8 MPa) for
pipeline tramsmission to a sequestration site (Skovholt 1995, Holloway 1996, Hendriks
1994).

The energy requirements for CO2 compression at the hydrogen plant have been estimated
by Hendriks (1994).  Compression from to 0.1 Mpa (1 atm) to 8 MPa is assumed.  The



power requirement for a 5 stage compressor with 85% efficiency is 301 kJe/kg CO2, or
83.6 kWhe/tonne CO2.

According to Hendriks, the capital cost of a 500 tonne/h CO2 compressor is about $17
milllion or $407/kWe.    The total installed cost of the CO2 compressor with housing and
infrastructure is estimated to be about $730/kWe.

The CO2 compression costs at the hydrogen plant are then

0.15 x $17 million /(500 tonne/h x 0.9 x 8760 h/y) + 83.6 kWhe/tonne CO2 x $0.05/kWhe
= 0.65 + 4.18 = $4.83/tonne CO2

The added cost of CO2 compression for Moore’s case (where 3.99 kg of CO2 is produced
per kg of H2) is about

$0.14/GJ H2

For Katofsky’s design the added cost of CO2 compression is about

$0.19/GJ H2.

Incremental Costs at the Hydrogen Plant for Separating and Compressing
CO2

The total costs at the hydrogen plant for separating CO2 and compressing it to pipeline
pressure are for the two SMR/PSA cases:

For 50% recovery of carbon from NG feedstock (Moore): $0.27/GJ + $0.14/GJ =
$0.41/GJ H2 or $14.5/tonne CO2 = $53/tonne Carbon

For 70% recovery of carbon from NG feedstock (Katofsky) : $0.46/GJ + 0.19/GJ =
$0.65/GJ H2 or $16.7/tonne CO2 = $61/tonne Carbon

These costs are less than those for removing CO2 from power plant flue gases, which are
more typically $30-60/tonne CO2 for systems using chemical absorption of CO2
(Hendriks 1994).  Moreover, CO2 capture adds only about  10-15% to the cost of
producing hydrogen via SMR as compared to a 60-100% cost increase for electricity when
CO2 is removed from flue gases in a coal-fired power plant [Hendriks 1994].  CO2
sequestration during hydrogen fuel production is an attractive way of removing CO2 from
the energy system.

Feasibility of CO2 Capture and Collection from Many Small Steam Reformers



In principle,  it would be possible to separate CO2 at a small hydrogen plant, for example
at a hydrogen refueling station with an onsite steam methane reformer.  However, the
incremental cost  of small scale separation and compression would be large, perhaps $2-
3/GJ H2. Moreover, cost of a CO2 collection system to a central point for pipeline delivery
to a sequestration site would be about the same as a system for distributing hydrogen to
users from a central H2 production plant.   If CO2 sequestration is desired,  centralized
hydrogen production will always be less costly because of the high cost of capturing and
collecting CO2 from many small dispersed sources.  This is shown in Figure 12.  But
centralized production implies that a large demand has built up for hydrogen -- otherwise
onsite reforming would be less costly.  Thus, CO2 sequestration is unlikely to be
introduced until a large demand for hydrogen is in place.

Long distance CO2 pipeline transmission costs

Once hydrogen is produced and CO2 separated and compressed, the CO2 must be piped
to a sequestration site.  The size of the CO2 transmission pipeline and injection system
depends on the amount of CO2 produced,w hich in turn depends on the level of hydrogen
produciton required.  In Table 8, we relate CO2 production to the hydrogen demand for
various end-uses.  We assume the hydrogen plant has the process flow diagram shown in
Figure 13 (Katofsky 1993) where 70% of the carbon in the incoming natural gas feed (or
5.5 kg CO2 per kg H2) is captured for sequestration.

The cost of CO2 pipeline transmission has been estimated in a detailed engineering study carried
for the Conmission of European Communities (Holloway et. al. 1996), for a range of flow rates
from 2 million tonnes to 50 million tonnes CO2 per year.  As shown in Table 8, the CO2 flow rate
from a hydrogen energy system would be toward the lower end of this range.  For a single
hydrogen car, with hydrogen made from natural gas about 0.5 tonnes of CO2 would be emitted
per year.  So the CO2 pipeline systems considered in the CEC study are appropriate for an
hydrogen energy system serving 4 million cars at a minimum. In Figure 14, we show the added
cost of CO2 pipelines for various associated hydrogen production rates, and pipeline lengths.
(We have extrapolated the CEC results to find pipeline costs at smaller CO2 flow rates).   We see
that at large CO2 flow rates (and large co-produced hydrogen flows) and short pipeline distances,
the incremental cost of CO2 pipeline transmission is small: less than $1/GJ H2, assuming that the
sequestration site is less than 300 km away from the hydrogen plant, and that the hydrogen
demand is equivalent to 10-100% of the cars in the Los Angeles Basin.   At small hydrogen
demands (less than 100 million scf H2/day), the cost of CO2 pipeline transmission rises rapidly.

CO2 Injection and Storage at the Sequestration Site

Various authors (Hendriks 1994, Holloway et.al 1996) have estimated the cost of CO2
injection and storage in underground geological formations such as aquifers and depleted
gas wells.  At sequestration site, pipeline CO2 is compressed, if needed, prior to injection.
Injection wells, typically 1-3 km in depth are drilled into aquifers, or depleted gas or oil
wells can be used.



Injection rates for CO2 depend on the permeability of the undergound formation, the
thickness of the storage reservoir and the alllowable overpressure. Flow rates vaty from 2
to 20 Nm3 per second or 340 to 3400 tonnes CO2 per day per well.

Storage costs in onshore aquifers are estimated to be $2-8/tonne CO2. In a large onshore
gas field, costs of $0.5-3/tonne CO2 are typical.  If additional compression is needed at the
injection wellhead, this adds up to $0.5/tonne CO2.

Figure 15 (adapted from Hendriks 1994) shows the cost of injection as a function of
injection flow rate.  For reference we show the associated hydrogen energy demand,  An
injection well which strores CO2 at a rate of 340 tonnes/d could handle the output of a
hydorgen plant producing 25 million scf H2/day.  Even at this modest rate of hydrogen
production, the cost of storage are only about $8/tonne CO2 or $0.3/GJ hydrogen.  At
larger CO2 flow rates, which would be needed for low CO2 pipeline costs, storage would
add about $0.1/GJ or less to the cost of hydrogen.

Comparison of the  Cost of Long Distance Pipeline Transmission for
Hydrogen, Natural Gas and CO2

The cost of long distance pipeline transmission is shown for hydrogen,  natural gas and
CO2 in Figure 16.  At large flow rates the cost contribution of long distance hydrogen
transmission to the delivered fuel cost is small, perhaps 10-20% of the delivered hydrogen
cost.  Methane transmission is roughly 1/3 to 1/2 as costly as hydrogen transmission, for
the same energy flow rate.  The decision to make hydrogen at the gas field depends on the
flow rate, and also on the possibility of enhanced gas recovery (Blok et.al. 1997).



Cost for CO2 Sequestration vs. Hydrogen Demand

The total cost of CO2 sequestration including CO2 separation and compression at the
hydrogen plant, CO2 pipelines, and CO2 injection into an underground aquifer are shown
in Figure 17 and Table 9.  The hydrogen demand level has a profound impact on the cost
of CO2 sequestration.

* CO2 sequestration is well suited to large scale energy systems (greater than 100
million scf H2/d). At hydrogen production levels of about 1-10 million scf/d, CO2 pipeline
scale economies significantly increase the delivered hydrogen cost.  At these scales, other
low CO2 hydrogen options such as hydrogen from renewables may be competitive.

* CO2 sequestration requires centralized hydrogen production, which in turn
requires a large, geographically concentrated demand to compete with onsite reforming.

* Collection of CO2 from many small onsite SMRs is not economically attractive.
Central hydrogen production with hydrogen distribution will be less costly.

* At large scale (1000 million scf H2/day, an amount that could fuel all the cars in
Los Angeles, if they used hydrogen fuel cells), the added cost of CO2 sequestration is
about $1/GJ, or 20% of the hydrogen production cost). The largest contribution to this cost
is CO2 separation at the hydrogen plant, using a double bed PSA system and compressor.
This suggests that innovative CO2 separation schemes during hydrogen production will be
important for hydrogen energy systems with sequestration. 

How do scale economies influence the design of energy systems with CO2
sequestration?

To justify putting a centralized hydrogen production plant and local hydrogen distribution
pipeline system in place, a large, geographically concentrated  hydrogen demand is needed.   If
you don't want to collect CO2, and natural gas is plentiful, you may choose to make hydrogen
onsite in advanced small scale reformers.  If CO2 sequestration is desired, the economics will
always favor centralized hydrogen production, because of the high cost of separating and
collecting CO2 at small scale.  The level of hydrogen demand required to implement a hydrogen
energy system with CO2 sequestration is probably something like 10-100% of cars in Los
Angeles.

Large CO2 flows are needed to make long distance transmission attractive.  The associated
hydrogen production is equal to that in 1 to 10 large refineries (in terms of chemical markets) or
enough hydrogen about 10-100% of the cars in the Los Angeles Basin (in terms of energy
markets).

Introduction of CO2 sequestration requires a large hydrogen demand  If PEM fuel cells are
successfully commercialized for vehicles or combined heat and power, this could provide



impetus toward such a market (Williams 1997). In the nearer term (before the build-up of large
hydrogen energy markets), one could look for large scale point sources of CO2 associated with
hydrogen production from fossil fuels, which are currently vented, but could be captured at small
additional cost and sequestered.   Some possibilities are steam methane reformers in oil refineries
("reduced CO2" gasoline?) or in ammonia manufacture.  These may be about the right scale to
consider CO2 sequestration.



Summary of results

* Engineering/economic models were developed of pipeline transmission for
hydrogen, methane and CO2, and hydrogen production with alternative methods
of CO2 separation.

* There are strong scale economies in gaseous pipeline transmission, hydrogen
production, CO2 separation and CO2 injection which influence the design of a
hydrogen energy system with CO2 sequestration.

* If gases are piped long distances, a large flow rate is required to assure low
transmission costs.  Because of CO2 pipeline scale economies, a large flow of
CO2 would be needed to reach low transmission costs, unless sequestration
could be done near the site of hydrogen production.  Large CO2 flows imply a
large  geographically concentrated demand for the co-produced hydrogen would
be required, before CO2 sequestration could be done at low cost. The required
hydrogen energy demand would be equivalent to the fuel required for 10%-100%
of the cars in the LA Basin (assuming hydrogen fuel cell cars were used),
assuming the CO2 must be piped 300-1000 km to a sequestration site.

* At large flows, the cost of hydrogen pipeline transmission is small, less than 10%
(20%) of the cost of hydrogen production over a distance of 300 km (1000 km).
The added cost of long distance CO2 transmission is less than 5% of the
hydrogen production cost for very large flow rates (e.g. for an energy system
which could serve half the cars in LA).

* It is not economically or technically attractive to collect CO2 from many small
dispersed sources.  CO2 sequestration favors large, centralized hydrogen
production with local hydrogen pipeline distribution to users.

* Because of advances in small scale methane reformer technologies, it is likely
that onsite production of hydrogen from natural gas (for example at refueling
stations) will be economically preferable to centralized production with local
hydrogen pipeline distribution until a large demand for hydrogen has developed.
Once a large hydrogen demand is in place, pipeline distribution may become
competitive.

* Initially, demand for hydrogen energy would probably be met by onsite
production from natural gas.  Once a large demand was present, CO2
sequestration could be considered. When CO2 sequestration was implented, a
switch to centralized production with local hydrogen distribution would also take
place.



* In the near term, large scale industrial production of hydrogen via steam methane
reforming (e.g. in oil refineries or chemical plants) might  produce enough
byproduct CO2, for CO2  sequestration to be considered, if a sequestration site is
near enough.

Data Sources

Data on CO2 separation operations during hydrogen production were obtained via
discussions with hydrogen producers and industrial gas companies.

Data on various aspects of CO2 sequestration were also gathered at the USDOE
workshop on Fuels Decarbonization and Carbon Sequestration held in Washington DC in
July 1997.

Data on hydrogen pipeline systems were available from our earlier studies for the
hydrogen program.  Data on CO2 pipelines were obtained from the literature and from
discussions with researchers at Argonne National Laboratory.

Methods Of Analysis

Engineering models of hydrogen production, CO2 separation, hydrogen and CO2
pipeline transmission and hydrogen  refueling station equipment are being  developed.

The levelized cost of hydrogen production, delivered hydrogen cost and lifecycle costs of
transportation are estimated using standard microeconomic techniques.

Interaction With Other Groups/Technology Transfer

We have interacted with other researchers at MIT, Argonne National Laboratory, Air
Products and Chemicals, and Mobil and benefitted from discussions with analysts at the
USDOE, Directed Technologies Inc. and Energetics.

Plans for Future Work

Assessment Of  Hydrogen-Fueled Proton Exchange Membrane Fuel Cells
For Distributed Generation And Cogeneration

 Proton exchange membrane fuel cells (PEMFCs) are highly efficient power generators,
achieving up to 50-60% conversion efficiency, even at very small sizes (down to the
household level -- 3-5 kW).  PEMFCs have zero pollutant emissions when fueled directly
with hydrogen, and near zero emissions when coupled to reformers.  These attributes
make them potentially attractive for a variety of applications including electric vehicles
and distributed generation and cogeneration of heat and power in buildings.



Over the past few years, there have been intense efforts worldwide to develop low-cost
PEMFC systems. While the the primary focus has been on vehicle applications, an
equally important application may be combined heat and power generation in commercial
and residential buildings.  The development of inexpensive PEMFC power systems for
automotive applications may have powerful implications for the parallel development of
analogous systems for residential-scale generation of distributed electric power and heat.

There are several reasons why PEMFCs might become competitive for buildings
applications before they appear in vehicles:

1) The cost barrier is lower for PEMFC cogeneration systems than for
automotive applications.  To compete with internal combustion engines in
automobiles, PEMFCs must achieve stringent cost goals of perhaps $50/kW.
Recent studies indicate that significant cogeneration markets in commercial
buildings could open for PEMFC stack costs of perhaps $300-500/kW
(corresponding to complete system costs of $1000-1500/kW) (Arthur D. Little
1995).  Residential markets might open at stack costs of $200-400/kW
(O'Sullivan 1998).

2) The technical challenges are in many respects less severe for stationary power
generation than for vehicles.  (Start-up behavior and transient operation is likely
to be less of a problem for power generation than for vehicles which are
characterized by rapidly varying loads; heat and water management issues
should be much easier; weight and volume constraints are less stringent; peak
power devices will not be needed; control systems should be simpler;
robustness and resistance to mechanical shocks during driving will not be an
issue.) In one respect, technical requirements are more demanding for
cogeneration applications:  a longer operating lifetime (50,000-100,000 hours)
would be needed for a stationary power system as compared to perhaps 5000
hours for vehicles.

Over the next year, researchers at Princeton Center for Energy and Environmental Studies
will carry out a series of detailed technical and economic assessments with the goal of
understanding the prospects for hydrogen fueled PEM fuel cell cogeneration technology
for residential applications.   We concentrate on hydrogen derived from natural gas, a
primary energy source which is widely available today, and is likely to give the lowest
hydrogen cost in the near term.

We compare three types of PEM fuel cell cogeneration systems which could provide heat
and power to residential users (see Figure 18).

Case 1) a centralized "neighborhood" scale (200-1000 kW) natural gas reformer/PEM fuel
cell system which distributes heat (via district heating) and electricity (via wire)
to 40-200 residential users.  .



Case 2) a centralized "neighborhood" scale natural gas reformer, which produces
hydrogen or a hydrogen rich gas for distribution to users.  Each house has a
small hydrogen fueled (5 kWe) PEM fuel cell providing electricity and heat.

Case 3) individual natural gas reformers coupled to 5 kW PEM fuel cells at each house.

For each case energy storage (in the form of hydrogen storage, hot water storage or
electric batteries) could be used to meet time varying energy demands.  Connections to
the electric utility system could be made at the household or neighborhood level, allowing
dispatch of power.

In the proposed work, engineering and economic models of PEM fuel cell based
cogeneration systems will be developed. The potential advantages and disadvantages of
each configuration will be investigated in terms of overall energy efficiency,
performance, economics (capital cost, delivered cost of electricity and heat), and
greenhouse gas emissions.  PEMFC cogeneration systems will be compared to other
alternatives for production of residential heat and power.
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*1993-1995 Assessment of PEM
fuels cells for residential
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Socolow, J. Ogden
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42, 44, 45]

*1996-present Comparison of
hydrogen, methanol and
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cell vehicles

J. Ogden, T. Kreutz, M.
Steinbugler

[24, 25, 31, 38]

*1996-present Models of onboard fuel
processors for fuel cell
vehicles

T. Kreutz, J. Ogden, S.
Kartha

[25, 31, 32]

*1998-present Novel methods for
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Table 1b. Industrial, Government and Academic Contacts



INDUSTRY
Industrial Gas Suppliers

Air Products and Chemicals, 
Praxair
BOC Gases
MG Gases

Reformer Manufacturers
Howe-Baker Engineering
Hydrochem
Haldor-Topsoe
KTI

                                    Hydrogen Burner
Technology

Electric and Gas Utilities
Public Service Gas
&Elec.,Jersey Central Power
&Light, Atlantic Electric
Company, Rockland Electric,
New Jersey Natural Gas,
South Jersey Gas, and
Elizabethtown Gas,
Consolidated Edison, New
York Power Authority,
Brooklyn Union Gas, Lilco

Fuel Cell Developers
Ballard Power Systems
International Fuel Cells
Energy Partners
H-Power

Oil Companies
Exxon
Mobil

Electrolysis Manufacturers
Electrolyser, Inc.
Teledyne

Automotive Companies
Ford
GM
Chrysler
Daimler-Benz
Toyota
Mazda

Engineering/Research Co.
Directed Technologies, Inc.

Arthur D. Little
Xerox/Clean Air Now Project
Gas Research Institute
 Glyn Short (consultant)

GOVERNMENT
National Laboratories

National Renewable Energy
Laboratory

                Lawrence Livermore National
Laboratories

                  Los Alamos National Laboratories
Argonne National Laboratories
Sandia National Laboratories
Oak Ridge National Laboratories

            US Department of Energy

South Coast Air Quality
Management District

California Air Resources Board

Los Angeles Metropolitan Transit
Authority

New Jersey Department of
Environmental Protection

New Jersey Department of
Transportation

New Jersey Board of Public
Utilities, Energy Department

New Jersey Transit

NYSERDA

Northeast Alternative Vebicle
Consortium

Federal Highway Administration

ACADEMIC INSTITUTIONS
University of California at Davis
University of California at Riverside
University of Michigan
TexasA&M

                  Humboldt State University
                  Georgetown University
                  MIT





Table 0. CONVERSION FACTORS AND ECONOMIC ASSUMPTIONS

1 GJ  (Gigajoule) = 109 Joules = 0.95 Million BTU
1 EJ  (Exajoule)  = 1018 Joules = 0.95 Quadrillion (1015) BTUs

1 million standard cubic feet (scf)
= 26,850 Normal cubic meters (mN3)
= 343 GJ (HHV)

1 million scf/day = 2.66 tons/day
= 3.97 MW H2 (based on the HHV of hydrogen)

1 scf H2 = 343 kJ (HHV) = 325 BTU (HHV);

1 lb H2 = 64.4 MJ (HHV) = 61.4 kBTU (HHV)=187.8 scf

1 mN3 = 12.8 MJ (HHV);

1 kg H2 =141.9 MJ (HHV) = 414 scf

$1/kg H2 = $7.05/GJ (HHV)

1 gallon gasoline = 130.8 MJ (HHV);
$1/gallon gasoline = $7.67/GJ (HHV)

All costs are given in constant $1993.

Capital recovery factor for hydrogen production systems, distribution systems
and refueling stations = 15%



Table 2. Vehicle Data for New York and New Jersey

TOTAL MOTOR VEHICLE REGISTRATIONS (thousands of vehicles)
New York New Jersey

Passenger Cars 7910 4600
Light Trucks 1960 1010
Heavy Trucks 15 21
Commercial Buses 13 5.2
TOTAL 10,274 5910
Source: Motor Vehicle Facts and Figures 1997, American Automobile
Manufacturers Association

TRANSIT BUSES
New York City New Jersey

Number of Buses 3600 1900
Miles travelled/yr (ave.) 25,000 41,000
Fraction centrally refueled 100% >90%
# Buses/garage 80-200 80-200
Equiv. fuel economy 3.5 mpg 5.3 mpg

LIGHT DUTY VEHICLES
New York City New Jersey

Motor gasoline
consumed/yr
 (billion gallons/y)
 (trillion BTU/y)

0.95
120

3.2
403

Vehicle miles travelled/yr
(billions veh.mi/y)

19 64

Average fuel economy
(miles per gallon gasoline)

20 20

FLEET VEHICLES 1997
New York New Jersey

Total # Fleets 10+ vehicles 6555 3843
Fleet Autos
(% total auto)

224,002
(2.8%)

136,624
(3.0%)

Fleet Trucks Class 1-5
(% tot lt.truck

265,901
(13.5%)

153,846
(15.1%)

All Fleet Vehicles
(incl. Heavy Trucks, Buses)
(%all vehicle)

669,401

(6.6%)

407,983

(6.9%)
Source: Motor Vehicle Facts and Figures 1997,

 American Automobile Manufacturers Association

Average fleet LDV in US travels about  twice as far as average LDV, so fleets use
proportionally more energy.



Table 3. Data for Fleet Vehicles

Vehicle Type % Centrally Refueled
Transit Bus 97%
School Bus 93%
Heavy Delivery
Truck

65%

Service
Truck

44%

Taxi/Limo 36%
Large Business, Utility or
Government fleets

75-80%

For non-transit fleets, average size = 200, median = 33
=> many small fleets, a few very large ones

Table 4. Assumed Characteristics Of  Hydrogen Fuel Cell Vehicles

PEMFC Bus PEMFC Car
NYC NJ

Miles/yr 25,000 41,000 11,000
Fuel economy
(mpeg)

7 mpeg 106 mpeg

Fuel Storage H2 gas @ 3600 psi H2 gas @ 5000 psi

H2 Stored onboard 13,000 scf 1550 scf
(3.75 kg)

Range (mi) 250 425
Energy use/yr
(GJ/yr)

524 859 13.7

Ave. H2 use/day
(scf H2/day)

4196 6880 112



Table 5a. Assumed Energy Prices in New York City
Application Annual Average

Electricity Cost ($/kWh)
Onsite Reforming Station

Pipeline Hydrogen Station

LH2 Station

8.3 cents/kWh

Onsite Electrolysis Station
 (customers in the 0.4-8.0 MW range)
     Continuous Operation
     Off-peak Operation

4.7 cents/kWh
3.5 cents/kWh

Source: Consolidated Edison of New York

Natural Gas Price to
Onsite Reforming Station

General service

High load factor service

$4.3/GJ (1 million scf H2/d)
$4.4/GJ (0.1 million scf H2/d)

$2.3/GJ (1 million scf H2/d)
$3.5/GJ (0.1 million scf H2/d)

This is the price of natural gas delivered to a commercial or industrial customer
for non-heating loads.  Two gas rate schedules are shown one for “general

service” and one for high load factor customers (constant demand for gas), and
two levels of gas demand:  for onsite SMR hydrogen refueling  stations

dispensing 0.1 and 1.0 million scf H2/d.
Source: Brooklyn Union Gas

Table 5b. Assumed Energy Prices in New Jersey
Application Annual Average

Electricity Cost ($/kWh)
Onsite Reforming Station

Pipeline Hydrogen Station

LH2 Station

9.5 cents/kWh

Onsite Electrolysis Station
     Continuous Operation
     Off-peak Operation

9.5 cents/kWh
7.1 cents/kWh

Natural Gas Price $4.9/GJ
Source: Public Service Gas and Electric, Newark, NJ



 Table 6. Hydrogen Demand: Scales Of Interest

DEMAND H2 FLOW
(GJ/day)

1 fuel cell car 0.037
1 fuel cell bus 2.4
10 fuel cell buses 24
100 fuel cell buses 240
1% of cars in LA Basin (c. 2010) 3330
All buses in LA 8770
H2 Production at Large Refinery 34,300
10% of cars in LA Basin 33,300
100% of cars in LA Basin 333,000
Energy Flow = NG Flow in LA Basin 3,000,000



Table 7 . Cost of CO2 Separation During H2 Production Via Large Scale
SMR

Hydrogen Production 80 million scf/day
193 tonnes/day
27,440 GJ/day HHV

CO2 Production 850 ton/day (771 tonnes/day)
0.17 scf CO2/scf H2
3.80 kg CO2/kg H2

CO2 Purity 95%
CO2 pressure 1 atm
Power required for VSA Compressor 3400 kW
Equipment Cost of PSA only $4-4.5 million
Equipment Cost of VSA only,
including compressor

$6-6.6 million

Added factor for freight, taxes,
installation

15%

Owner's costs and engineering 25%
Total installed capital cost for PSA
only (no CO2 recovery)a

$5.6-6.3 million

Total installed capital cost for PSA +
VSA (CO2 recovery)

$14-15.5 million

Incremental installed capital cost for
CO2 recovery

$8.4-9.2 million

Incremental Levelized Hydrogen
Production Cost for CO2
Separationb
Incremental Capital Cost for VSA $0.12-0.13/GJ HHV H2

$0.017-0.019/kg H2
Cost for VSA Compressor Power @ 6
cents/kWh

$0.17/GJ HHV
0.024/kg H2

Total Incremental Cost for CO2
Separation in PSA

$0.29-0.30/GJ HHV
$0.041-0.043/kg H2

Typical Hydrogen Production Cost
in Large SMR

$5-6/GJ H2, depending on NG price

Source: Bob Moore, Air Products, private communications, May 1997.

a. The total capital cost was obatined by multiplying the equipment cost by 1.40
to account for taxes, freight, installation, owner's costs and engineering.

b. Levelized costs were obtained assuming an annual capital charge factor of 15%.





Table 8. H2 DEMAND AND CO2 PRODUCTION VIA SMR

DEMAND H2 FLOW
(million scf/day)

CO2 Produced
 via SMR

(million tonnes/yr)
1 fuel cell car 0.000108 5.3 x 10-7

1 fuel cell bus 0.0071 3.5 x 10-5

10 fuel cell buses 0.071 3.5 x 10-4

100 fuel cell buses 0.71 3.5 x 10-3

1% of cars in LA Basin (c.
2010)

9.7 0.048

All buses in LA 25.6 0.125
H2 Production at Large Refinery 100 0.49
10% of cars in LA Basin 97.2 0.48
100% of cars in LA Basin 972 4.8
NG Energy Flow in LA Basin 8605 42

For the hydrogen plant design in Figure 13  (Katofsky 1993)



Table 9. Cost of CO2 Sequestration vs. Hydrogen Demand

Hydrogen
Demand

1 million
scf H2/day

10 million
scf H2/d

100 million
 scf H2/d

1000 million
scf H2/d

H2 End-Use
9000 H2 fuel
cell cars

90000 H2
fuel cell cars
 or
1400 H2 fuel cell
buses

10% of cars in
 LA Basin,
 if H2 fuel cell cars

100% of cars in
LA Basin,
 if H2 fuel cell cars

H2 Supply Onsite SMR 10 Onsite
SMRS

100 million
scf H2/d
central SMR
plant

 Ten
100 million
scf H2/d
central SMR
plants

Assoc. CO2
Production

13.3 tonnes
CO2/d

133 tonnes
CO2/d

1330 tonnes
CO2/d

13,300 tonnes
CO2/d

Cost of CO2
Separation
($/GJ H2) 2.5 2.5 0.46 0.46
Cost of CO2
Compression
($/GJ H2)

included
above

included
above

0.19 0.19

CO2  Collection
System ($/GJ H2)

n.a. 5 n.a. 0.1

Cost of 300 km CO2
pipeline ($/GJ H2)

80 8 1 0.3

# Injection
wells
(at up to 3400
tonnes CO2/d
 per well)

1 1 1 4

CO2 Injection and
Storage in Aquifer

15 1.5 0.15 0.04

TOTAL COST OF
SEQUESTR.
 ($/GJ H2)
($/tonne CO2)

98
2530

17
439

1.80
47

1.09
28



FY'99 SUMMARY TABLE
Task Title: Hydrogen Energy
Systems Studies: Task 1:
Development of Hydrogen Vehicle
Refueling Infrastructure in New York
City/New Jersey area; Task 2:
Implications of CO2 Sequestration
for Hydrogen Energy Systems

Contractor: Princeton University Principal Investigator:
Dr. Joan M. Ogden

Objective:   Generally, the goal of our work is to illuminate possible pathways leading from present hydrogen markets
and technologies toward wide scale use of hydrogen as an energy carrier, highlighting important technologies for
RD&D. In particular, the goals of this work are:

Task 1: Hydrogen infrastructure in NY/NJ area: to provide useful data and suggest possible
implementation strategies as the Hydrogen Program plans demonstrations of hydrogen vehicles and
refueling infrastructure.

Task 2: Hydrogen Energy systems and CO2 sequestration: to study the implications of CO2 sequestration
for future low CO2 emitting hydrogen energy systems based on fossil fuels

Approach/Rationale:  Since 1986, researchers at Princeton University's Center for Energy and Environmental Studies
have carried out technical and economic assessments of hydrogen energy systems. Our approach has been to assess
the entire hydrogen energy system from production through end-use from several perspectives (fuel producer,
consumer, society) considering technical performance, economics (e.g. capital cost, delivered hydrogen cost, cost of
energy services), infrastructure, environmental and resource issues.
Analytic Methods/Assumptions: Where necessary, engineering models of hydrogen production and distribution
systems and CO2 sequestration technologies have been developed. The levelized cost of hydrogen production,
delivered hydrogen cost and lifecycle costs of transportation are estimated using standard microeconomic techniques.
Data Sources:  A large number of industry, government and academic sources have provided the data needed for our
systems studies  (see description in text and in Table 2 of attached synopsis for a partial list of data sources.)
Key Results:
Task 1: Study of H2 infrastructure in New York City/New Jersey area.
* If hydrogen fuel cell vehicles were widely adopted, there would be a significant demand for hydrogen.  If all NJ
buses were converted to H2 FCVs, demand would be about 30 million scf H2/day.  If all of NJ light duty vehicles
were converted to H2 FCVs, the demand would be about 1000 million scf H2/day.  In New York City, the total
demand for H2 FC buses would be 20 million scf/day, and for all light duty vehicles 250 million scf/day.

* There are a variety of near term potential supplies for hydrogen in the NYC/NJ area including: truck delivered
merchant hydrogen, byproduct hydrogen from chemical plants and refineries,  hydrogen from natural gas, electrolytic
hydrogen from off-peak power.  In the longer term, hydrogen might be produced from municipal solid waste
gasification, a resource which could supply all the bus fuel and a significant fraction of the light duty vehicle fuel
needed in NYC/NJ.

Task 2:  Implications of CO2 Sequestration for Hydrogen Energy Systems
*Engineering/economic models of pipeline transmission for hydrogen, methane and CO2 have been developed.

*There are strong scale economies in gaseous pipeline transmission, hydrogen production, CO2 separation and CO2
injection which influence the design of a hydrogen energy system with CO2 sequestration.

*Because of CO2 pipeline scale economies, a large flow of CO2 would be needed to reach low transmission costs,
unless sequestration could be done near the site of hydrogen production.  Large CO2 flows imply a large
geographically concentrated demand for the co-produced hydrogen would be required, before CO2 sequestration could
be done at low cost. The required hydrogen energy demand would be equivalent to the fuel required for 10%-100% of
the cars in the LA Basin (assuming hydrogen fuel cell cars were used).

*It is not economically or technically attractive to collect CO2 from many small dispersed sources.  CO2 sequestration
favors large, centralized hydrogen production with local hydrogen pipeline distribution to users.

*In the near term, large scale production of hydrogen via steam methane reforming (e.g. in oil refineries or chemical
plants) might  produce enough byproduct CO2, for CO2  sequestration to be considered, if a sequestration site is near
enough.
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Dr. Joan M. Ogden

Sensitivity of Key Results to Data, Methodology and Assumptions:
Sensitivity studies are included as an important part of our technology assessments.  For example, our results on
hydrogen production with CO2 sequestration look at the effects of system scale.
Plans for Future Work:
* Assessment of PEM fuel cells for residential cogeneration
* Assessment of costs for maintaining/developing new gasoline infrastructure
Publications/Awards: Recent Publications  (Jan. 1998- present) Include:

J. Ogden, "Hydrogen Energy Systems and CO2 Sequestration, " presentation  at the 9th National Hydrogen
Association Meeting, Arlington, VA, March 3-5, 1998

J. Ogden, "Refueling Infrastructure," invited panel presentation, Proceedings of the SAE TOPTEC on Fuel Cell
Vehicles, March 17-19, 1998, Cambridge, MA.

J. Ogden, M. Steinbugler, T. Kreutz, "Hydrogen Energy System Studies," Proceedings of the USDOE Hydrogen
Program Review Meeting, Alexandria, VA, April 28-30, 1998.

 J. Ogden, "A Technical and Economic Assessment of Hydrogen Energy Systems with CO2 Sequestration,"
presented at the 12th World Hydrogen Energy Conference, Buenos Aires, Argentina, June 21-June 26, 1998.

J. Ogden, "Developing a Refueling Infrastructure for Hydrogen Vehicles: A Southern California Case Study," accepted
for publication September 1998, to appear in  International Journal of Hydrogen Energy, 1999.

J. Ogden, "Hydrogen: A Low Polluting Energy Carrier for the Next Century," Pollution Prevention Review, vol. 8, No.
4, Autumn 1998.

J. Ogden, T. Kreutz, and M. Steinbugler, “Fuels for fuel cell vehicles: vehicle design and infrastructure issues,” Society
of Automotive Engineers Technical paper No. 982500 , October 1998.

J. Ogden, M. Steinbugler and T. Kreutz, "A Comparison of Hydrogen, Methanol and Gasoline as Fuels for Fuel Cell
Vehicles," accepted for publication November 1998, to appear in Journal of Power Sources, 1999.

T. Kreutz and J. Ogden, “Transient Effects in Fuel Cell Vehicles with Onboard Fuel Processors,”  Proceedings of the
1998 Fuel Cell Seminar, Palm Springs, CA, November 16-18, 1998.

J. Ogden, “Hydrogen,” article in the Oxford Encyclopedia of Global Change, accepted for publication  December
1998, to appear in 1999.

J. Ogden, “Stretegies for Developing Low-Emission Hydrogen Energy Systems: Implications of CO2 Sequestration,”
to appear in the Proceedings of the 10th National Hydrogen Association Meeting, Arlington, VA,  April 7-9, 1999.
Students Associated With the Program: Bruce Lin M.S. candidate, Department of Mechanical and Aerospace
Emgineering, Princeton University; Sarah Edwards '00 (B.S. MAE), Anastacia Rohrman '99 (B.S. MAE) Princeton
University, Carin Lundquist ‘99 (B.S. MAE), Princeton University
Industry Sources: Our work uses data obtained from a variety of industry sources (see Table 2).  Companies we
have contacted  include: Air Products and Chemicals, Inc., Praxair, BOC,  Public Service Gas and Electric, Jersey
Central Power &Light, Atlantic Electric Company, Rockland Electric, New Jersey Natural Gas, South Jersey Gas,
Elizabethtown Gas, Consolidated Edison, New York Power Authority, Brooklyn Union Gas, Exxon, Mobil,
Electrolyser, Inc., Teledyne, American Automobile Manufacturers' Association, Directed Technologies, Inc, Arthur D.
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APPLICATIONS ANALYSIS

Jim Ohi
National Renewable Energy Laboratory

Golden, CO 80401

Abstract

The National Renewable Energy Laboratory (NREL) supports hydrogen technology
development in several ways.  First, NREL helps to establish codes and standards for
hydrogen applications.  Second, NREL provides technical coordination of Hydrogen
Program activities in collaborative projects with other U.S. Department of Energy (DOE)
offices, other federal agencies, especially the National Aeronautics and Space
Administration (NASA) and the U.S. Department of Transportation (DOT), and state and
local agencies.  Third, NREL provides technical support to the DOE Hydrogen Technical
Advisory Panel (HTAP), especially in the areas of scenario planning and fuel choice.
This paper reviews recent activities by NREL to support hydrogen technology
development.

Codes and Standards

In late 1997, NREL and the Hydrogen Research Institute (HRI) at the University of
Quebec, under joint funding from the U.S. DOE and Natural Resources Canada (NRCan),
assembled a panel of internationally recognized experts from industry, universities, and
government agencies in the U.S. and Canada to prepare a sourcebook on hydrogen safety.
The Sourcebook for Hydrogen Applications was published in both hard cover and CD-
ROM format in 1998.  The Sourcebook is a compilation of prevailing practices and
applicable codes, standards, guidelines, and regulations for the safe use of hydrogen.
Publication and distribution of the Sourcebook was sponsored jointly by the Canadian
Hydrogen Association (NHA) and the National Hydrogen Association (CHA) through
TISEC, Inc. (mail@tisec.com)

The purpose of the Sourcebook is to serve as a reference to available information that
developers can use to design, build, and operate safe hydrogen projects at a non-
industrial scale.  The Sourcebook is not intended to be a design handbook or an



interim surrogate for codes and standards that are being developed by working groups
under the International Standards Organization (ISO).  Information available in the
Sourcebook will not obviate the need for detailed safety reviews of specific projects.

The Sourcebook has been received well by the hydrogen community.  To date, over 100
copies have been sold.  In 1999, HRI and NREL, again under the joint sponsorship of
NRCan and DOE, will focus on the safety concerns of key constituents and stakeholders
in hydrogen safety, beginning with building and fire code officials and the insurance
industry.  The team will tailor the Sourcebook, perhaps in shorter, more focused versions,
to address the safety concerns of specific user groups.  HRI and NREL will work with
key organizations of building and fire code officials in Canada and the U.S. to facilitate
incorporation of hydrogen into model codes.  NREL and HRI will also become more
familiar with and involved in the processes and procedures of these organizations as they
amend and modify existing model codes and standards related to building and fire safety.

The HRI-NREL team will address the longer-term issue of changing the prevailing public
perception of hydrogen as being much more dangerous to use than other fuels.  The team
will develop a comprehensive approach for NRCan and DOE to address hydrogen safety.
Elements of this approach may include general publications, such as updates of the
Sourcebook, more focused versions of the Sourcebook for key stakeholders, as well as an
internet web page that contains general information on hydrogen and hydrogen safety for
the public and technical information for safety experts and hydrogen project developers.

NREL also submitted proposed changes to the model International Building and Fire
Codes to facilitate hydrogen use in vehicular and stationary applications and will
participate in public hearings to follow-up on changes submitted to the model
International Building and Fire Codes.

The danger of hydrogen in the mind of the public and in some technical communities is
associated with fire, explosion, and even radioactivity.  NREL’s long-term goal is to
establish the necessary codes and standards to facilitate hydrogen applications in the
vehicular market.  The process of adopting and promulgating codes and standards for
even established technologies is time-consuming and process- intensive.  To do this,
NREL will work with all interested parties to remove the “danger” sign associated with
hydrogen use by key constituent groups and by the general public

Technical Coordination

Hydrogen Aircraft

In 1998, NREL represented the Hydrogen Program and gave a presentation at NASA’s
Environmental Compatibility Workshop that focused on NASA’s goals to reduce the
environmental effects of aviation.  Hydrogen-fueled aircraft may provide one approach to
reducing aircraft emissions, and NREL helped to initiate a cooperative project between
NASA and DOE by drafting a memorandum of understanding (MOU) between NASA
and DOE on hydrogen RD&D.  The MOU is under consideration by NASA.



In 1999, NREL plans to initiate scenario development and systems analysis of airframe,
engine, and fuel infrastructure requirements for subsonic hydrogen aircraft in cooperation
with NASA Glenn and NASA Langley.  This activity may, however, be constrained by
budget cuts in NASA’s program for advanced subsonic aircraft development and its
environment compatibility initiative.

Hydrogen Bus Technology Development

In March 1999, NREL initiated a coordinated hydrogen bus technology development
program in California among DOE, the Federal Transit Administration of the U.S.
Department of Transportation, the California Air Resource Board, the California Energy
Commission, the South Coast Air Quality Management District, three transit agencies,
and other groups with an interest in hydrogen buses.  This initiative has resulted in the
formation of the California Hydrogen Bus Coordination Committee.  In April 1999, the
State of California launched the California Fuel Cell Partnership with selected members
of the automobile and petroleum industries.  The Committee plans to work closely with
the Partnership, especially on fuel infrastructure development for hydrogen buses.

NREL, working with the Committee and the Partnership, plans to put together a
comprehensive technology development plan for hydrogen vehicles, beginning in
California, that integrates codes and standards and insurance issues along with fuel
choice, propulsion technology, vehicle platform, and fuel infrastructure development

Although initial reception by all parties involved has been positive, hydrogen technology
development projects in the past have typically been one-of-a-kind projects promoted by
a specific constituency or interest group.  Coordination, let alone integration, of hydrogen
bus development projects will be difficult, particularly in a state as large, diverse, and
politically powerful as California.

Hydrogen Technical Advisory Panel Support

NREL provides technical support to the DOE’s Hydrogen Technical Advisory Panel
(HTAP), particularly in the areas of scenario planning and fuel choice.  In 1999, NREL
reviewed and summarized all major recent scenario analyses of future energy use and
energy systems for the HTAP Scenario Development Committee as part of a process to
develop preliminary hydrogen scenarios.  The scenarios are intended to provide a long-
term context for hydrogen RD&D investments by the federal government.

In 1998, NREL co-chaired and spoke at a session devoted to fuel choice at the Fuel Cell
Seminar and organized and chaired the first SAE session devoted to fuels for fuel cells.
In 1999, NREL conducted a session on fuel choice at the Spring HTAP meeting to
illuminate technical and economic issues involved in fuel choice for fuel cell vehicles.
At this session, leading scientists and analysts identified and assessed the key issues of
fuel choice.  NREL also helped the HTAP prepare a brief paper on fuel choice and a brief



statement showing the fruitful intersections of the DOE Hydrogen Program with other
programs in DOE’s Office of Energy Efficiency and Renewable Energy.

Fuel choice is an extremely complex issue with many technology options and many
interest groups backing a specific option.  In 1999, NREL plans to support the HTAP in
preparing a definitive analysis and paper on fuel choice for fuel cell vehicles.
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ANALYSIS OF UTILITY HYDROGEN SYSTEMS
& HYDROGEN AIRPORT GROUND SUPPORT EQUIPMENT

C. E. (Sandy) Thomas, Jason P. Barbour, Brian D. James
and Franklin D. Lomax, Jr.
Directed Technologies, Inc.
4001 North Fairfax Drive
Arlington, Virginia 22203

703-243-3383
Fax: 703-243-2724

Abstract

Directed Technologies, Inc. has completed three analysis projects for the hydrogen program office
during the past year: a detailed mass production cost estimate for stationary proton exchange membrane
(PEM) fuel cell systems, an assessment of the costs of producing electricity from stationary fuel cells for
buildings with hydrogen and heat cogeneration, and a preliminary assessment of the use of hydrogen for
airport ground support equipment.  We conclude that the economic case for producing both hydrogen
and electricity from stationary fuel cell systems is stronger than the economic case for selling only
electricity to the building owner.  This co-generation of hydrogen and electricity is particularly attractive
for stationary fuel cell systems with greater than 50 kW of electrical capacity.  The economics of small
residential fuel cell systems in the 3 to 5 kW range are not promising, however, based on our current cost
assessments.

Three types of airport ground support equipment were analyzed in terms of converting to hydrogen fuel
cell operation: a 22-foot shuttle bus, a baggage belt loader, and a baggage tractor.  We compared the
likely performance and cost of hydrogen-powered ground support equipment with that of battery-
powered vehicles.  We conclude that hydrogen-powered vehicles could be less costly to purchase and
operate with large volume production, but costs would be excessive initially.  However, the number of
airport ground support vehicles in the United States is too low to provide the necessary volume of sales
to bring costs down.  Therefore airport ground support equipment will only become cost competitive if
hydrogen generation equipment and fuel cell systems are mass produced for other markets first.
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Introduction

Hydrogen will most likely enter the marketplace as a fuel in conjunction with fuel cells, due to the higher
efficiency of fuel cell systems compared to internal combustion engines.  In previous years we have
compared the performance and cost of passenger vehicles powered by fuel cells with the cost and
performance of conventional gasoline-powered vehicles as well as hybrid electric vehicles (Thomas
1997a, 1997b, 1998b, 1998c, 1998e, 1998f, 1999a).  We have shown that hydrogen onboard storage is
possible and cost-effective today with 5,000 psi carbon-fiber wrapped composite tanks (James 1996,
1997b, 1999a).  We have shown that hydrogen could be produced and sold at a cost that would be
competitive with gasoline per mile driven in a conventional vehicle, as long as that hydrogen was used in
a fuel cell vehicle (Thomas 1997c, 1998e, 1999b).

This year we have moved from the analysis of hydrogen-powered passenger vehicles to evaluate the
efficacy of hydrogen in the stationary utility fuel cell business and in airport ground support equipment. 
We first summarize the results of the two stationary fuel cell projects, and then describe the results of our
analysis of airport ground support equipment powered by hydrogen.

The following sections describe the economic analysis of a total building fuel cell system, including the
necessary steam methane reformer to produce hydrogen on-site, the fuel cell system itself including all
necessary ancillary equipment, plus a DC to AC inverter and required power equipment to permit hook-
up to the power grid at the local building.  We have combined the two DTI tasks (high volume
manufacturing cost estimation for the fuel cell system only and the more general building economic
assessment) in the following sections.  For a more detailed report on the mass production cost estimates
for stationary PEM fuel cell systems, see (James 1999b).

DTI also published a draft interim report on stationary fuel cell systems with hydrogen cogeneration in
May of 1998 (Thomas 1998d), based on fuel cell system costs extrapolated from earlier DTI mass
production fuel cell costs for passenger vehicles (Lomax 1997 and James 1997a).  For this earlier cost
estimate, we made simplifying assumptions to project stationary fuel cell costs based on the vehicle fuel
cell estimates such as increased catalyst loading, reduced current density, and thicker membranes for
stationary fuel cell systems compared to vehicle fuel cell systems.  This current report is, however, 
considered more accurate, since we conducted a bottom-up mass production cost assessment, utilizing
manufacturing techniques and fuel cell design that are more appropriate for the stationary fuel cell
systems that must operate at least ten times longer than vehicle fuel cell systems.  While much of the
background information from the earlier building fuel cell system analysis is repeated here, the actual
fuel cell costs estimates in this report take precedence over the earlier report. In general the economics
are slightly worse now than we predicted in May of 1998.  While the projected fuel cell stack costs are
lower, we have added a 6%/year fuel cell stack degradation factor and we also added a 90% hydrogen
system capacity factor in addition to an assumed 95% plant availability factor. 
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Executive Summary for Stationary Fuel Cell Systems

The ONSI Division of International Fuel Cells has sold over 150 of their PC-25 200-kW phosphoric acid fuel
cell systems for stationary power.  Several companies are now developing stationary proton exchange
membrane (PEM) fuel cell systems to generate electricity onsite from natural gas for small buildings or even
individual residences.  These fuel cell systems include a fuel processor such as a steam methane reformer
and gas cleanup system to provide hydrogen to the fuel cell.  According to our economic assessment,
however, cost reductions will be required for these stationary fuel cell systems to compete economically with
utility supplied electricity in most parts of the United States.  The economics can be improved to some
degree by supplying part of the heating load for the building, but this requires a good match between
electrical and thermal loads which are not often coincident in time both over 24 hours and over a full
heating/cooling season, particularly for a residence.  Stationary fuel cells may serve other purposes such as
very clean, quiet and reliable backup power, and government agencies may underwrite early deployments
to promote the development and use of clean fuel cell technology,  but widespread use will probably require
better economic performance.

The main purpose of this analysis is to consider a second co-product for the stationary fuel cell system:
hydrogen for use either in a fleet of fuel cell vehicles (FCV) or for other industrial purposes.  The steam
methane reformer could either be oversized to provide extra hydrogen for the vehicle, or the reformer could
be operated at night when electricity demand is small, essentially improving the capacity factor for the
reformer system by generating and storing a high value product (hydrogen) when electricity demand is
minimal and therefore of low value.

Constructing an oversize reformer to supply hydrogen for FCVs might be cost effective if the fuel cell
system were operated at high capacity factor to produce electricity.  However, the electrical capacity factor
for most buildings rarely exceed 50%, and most residences have capacity factors in the range of 30% -- the
average power draw is only one third of the peak fuel cell capacity. Therefore the fuel cell system has 50%
to 70% excess electrical capacity that cannot be used on site.  The economics of the stationary fuel cell
system supplying only electricity is not promising with these low capacity factors.  In California, for
example, we project a -10% return on investment for a 50-kW stationary fuel cell system even if 10,000 such
systems are produced -- the project loses money compared to simply buying electricity from the grid at
prevailing average commercial electricity rates in California.

These economics might be improved with electric utility transmission and distribution credits -- a utility
could avoid adding new transmission and/or distribution equipment in certain regions by adding stationary
distributed power generation such as fuel cell systems at its customer's facilities.  We have not considered
these credits in this analysis.  Rather, we have analyzed the economics for the building owner -- can the
owner reduce total utility costs by generating electricity on-site instead of purchasing electricity from the
local utility?

One option to improve system economics would be to sell electricity back to the grid during off-peak hours.
 However, the utility system has very little need for excess capacity when the homes and buildings have low
demand.  After all, the low demand for off-peak electricity is as a result of the aggregated demands of
buildings, homes and industry, most of which are low at night.  The low price of off-peak electricity does
not improve the system economic outlook.
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The economics can be improved by supplying some of the waste heat from the fuel cell to the building for
space heating or for hot water. For a hospital or hotel, we are projecting that the -10% return for supplying
only electricity can be improved to a positive return of 1.5% (Northern climate) to -1.0% (Southern climate).

The stationary fuel cell economics are further improved by making hydrogen during the off-peak electrical
demand periods.  The steam methane reformer is operated at nearly full capacity day and night.  Hydrogen
is diverted to the fuel cell to meet the onsite electricity demand.  All hydrogen not used by the stationary fuel
cell system is diverted to a compressor and storage system.  This excess hydrogen is either stored in
stationary compressed gas tanks for later fast-fill delivery to the FCVs on demand, or the hydrogen is
pumped directly into the FCV tanks -- the slow-fill option.  Alternately, the hydrogen could be stored for
later industrial use on-site.

In this case the project
economics are improved
significantly, as shown in
Figure 0. Selling both
hydrogen and electricity
increases the expected ROI
from -10% to almost 5%. 
Adding thermal cogeneration
further increases returns to 9.5
% for a southern climate such
as California, approaching our
target goal of 10% real, after-
tax return on investment.

These results are very
dependent on the local prices
for natural gas (the system
feedstock) and electricity
(providing the main avoided cost for the project.)  The ideal location would have very low natural gas prices
and very high electricity prices.  Alaska has such a favorable ratio, with electricity to natural gas price ratios
about twice the national average.  As shown in Figure 1, Alaska would have favorable returns supplying just
electricity.  By adding hydrogen, however, the returns are increased to above 35% assuming the costs
developed in this report for fuel cell systems at the 10,000 production quantity level.  Massachusetts is very
similar to California, while New York has more favorable conditions since the average commercial electricity
rates are higher (11.5 cents/kWh vs. 9.4 cents/kWh for Massachusetts in 1998.)

DTI: UTIL-FC.XLS; Tab 'Charts'; T33 -  5 / 19 / 1999
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While the 50-kW commercial building looks promising for hydrogen coproduction from a stationary fuel
cell system, the economics of a residential system are far less favorable.  Even at 10,000 quantity production,
for example, we estimate that electricity would have to sell at 44 cents/kWh in California before a 3.4-kW
home fuel cell system would be profitable.  Conversely, the estimated capital cost of a 3.4-kW system in
quantities of 10,000 ($3,300/kW) would have to be reduced to between $220/kW (California) and $650/kW
(Alaska) to reach our target of 10% real, after-tax rate of return for electricity displacement only, or to
between $525/kW and $1,140/kW including hydrogen coproduction.  In other words, adding hydrogen
coproduction allows higher cost fuel cell systems to be economic.

We conclude that hydrogen will be most beneficial in 50-kW or larger commercial building fuel cell systems,
with the potential to significantly improve project economics.  Based on current cost projections for 10,000
quantity production of residential fuel cell systems, significant cost reduction would be required to make
either the stand alone fuel cell system or the hydrogen cogeneration system economic.

Stationary Fuel Cell System Description

The cogeneration of hydrogen from stationary fuel cells to supply fuel cell vehicles or other industrial
applications looks promising,  particularly since the electrical capacity factor for homes and buildings is
rarely over 50%.  The stationary fuel cell system is under-utilized without co-products such as heat and
hydrogen.  The general system block diagram of the building fuel cell system is shown in Figure 1, including
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the assumed efficiencies (LHV) and lifetimes of the components.  The input fuel is natural gas, and the
system supplies electricity and heat to the building, and it can produce hydrogen for fuel cell vehicles or for
other industrial uses.

We begin with a description of typical thermal and electrical loads for small buildings, followed by a
discussion of utility pricing, fuel cell system costs, and finally a description of the fuel cell system
economics.

Building Electricity and Heating Loads

Typical Electrical Loads

Most buildings such as shopping malls, offices, schools and residences consume most of their electricity
during the day. A typical residence might require a peak power of 3 kW on a hot August afternoon, but the
average electrical consumption over a year might only be 900 watts or less. Other buildings such as hospitals
and hotels may have greater night-time loads, but daytime consumption is still much greater, often by a
factor of two.  Any fuel cell sized to provide the peak afternoon electrical load in August will be under-
utilized during a January night.

The average annual electrical capacity factors1 for these buildings vary from as low as 17% for a junior high
school to at most 63% for a medium hotel as estimated by Arthur D. Little (1995) and summarized in Table
1.

                                                  
1Capacity factor is defined as the average building electrical energy consumption in kWh over "T"

hours divided by the peak production capacity of the fuel cell system in kW times "T."

Steam H2 PEM DC/AC          Electrical Load
 Natural Gas Methane Fuel Cell Inverter &

Reformer System Controls
69% 15  yr 56% 10  yr 92% 20  yr

Waste Heat to Building

H2

H2 Hydrogen H2 Hydrogen  To Fuel Cell Vehicles
Compressor Storage Dispensing

System System System H2

65% 10  yr 99% 20  yr 98% 15  yr
(Removed for Slow-Fill System)
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Table 1. Electrical Annual Average Capacity Factors for Typical Buildings

Peak Electrical
Power (kW)

Average Electrical
Power (kW)

Annual Electricity
Capacity Factor

Private Residence - North 3.4 0.9 0.24

Private Residence - South 3.7 1.07 0.27

Junior High School 520 90 0.17

Medium Office Building 300 112 0.38

Retail Store 1,000 370 0.38

Medium Hotel 420 254 0.63

Hospital 2,400 1,320 0.57

The electrical capacity factor also varies
seasonally.  In the winter months, the
effective monthly capacity factors will
be less than the averages shown in Table
1.  The average monthly power and
peak power levels for residential
buildings are shown in Figure 0, also
from the ADL study (1995).2  In the
winter months, a fuel cell sized for the
3.4 kW peak summer load would only
be utilized at 22 to 24% of its rated
capacity for onsite electricity.

Finally, on an hourly basis the load
factors become even worse.  A typical
home might draw at most 200 to 300
watts during the hours from midnight to
5 or 6:00 AM, or an hourly capacity
factor of only 6% to 9% for a 3.4 kW fuel cell system.

Typical Heating Loads

Heating loads include primarily hot water and space heating requirements.  Hot water loads tend to be
uniform geographically and over time, while heating loads vary widely both geographically and seasonally.
 Figure 1 shows the same (northern) residence as the previous figure, with the average monthly heating and

                                                  
2 Ibid., Table A.8.1

DTI: UTIL-FC.XLS; Tab 'Loads' T33 - 5/6/"1998
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hot water loads added.  There is a
reasonably good match between the
electrical and water heating loads.  A
fuel cell with approximately 50%
efficiency would produce enough heat
to cover the hot water requirements,
although the efficiency of heat
exchangers would be low at the low exit
temperature of PEM fuel cells at 80 oC,
which is not much higher than the water
leaving a typical hot water heater at 50
oC to 60 oC.  The space heating
requirements are much greater than the
electrical loads in the winter months, so
cogeneration would not impact space
heating requirements significantly for a
residence.

The situation is somewhat different in
southern climates of the US, as illustrated in Figure 0. Heat from the fuel cell electrical generation could
supply most of the hot water needs, as with the northern house, but the waste fuel cell heat might also supply
some small fraction of the space
heating requirements, assuming heat
transfer efficiency of greater than 70%.

On an hourly basis, the hot water loads
are also well matched to the electrical
loads -- in general both peak during the
day. However, the space heating loads
occur primarily at night, when the fuel
cell output is at a minimum, typically
less than 10% of the peak capacity. 
Thus it is unlikely that fuel cell excess
heat can contribute much to the space
heating requirements of a private
residence. 

Typical residential hot water and space
heating loads are summarized in Table
2, compared to the total annual
electrical loads.

The ratios of electrical to thermal loads for the various buildings are summarized in Figure 1, also
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Table 2. Typical Residential Annual Thermal and Electrical Energy Requirements (kWh)

Space Heating Hot Water Electrical

Northern Residence 17,500 5,040 7,870

Southern Residence 5,160 3,650 9,360

from the ADL report.  The residential building is unique with respect to the match between electrical and hot
water loads. All other buildings analyzed by ADL have much lower hot water demands compared to the
electrical requirements. The total heating load (space and water) for offices and retail stores is less than 10%
of the electrical load, indicating that thermal cogeneration will not provide significant advantages for these
buildings.  Hospitals and hotels are better, with  combined space and water heating loads 70% of electricity
in the north and approaching 50% in the south.
In summary, thermal cogeneration at a stationary PEM fuel cell site does not appear to offer significant
advantage for office buildings and retail stores, but may be beneficial for hotels, hospitals and private homes.
 In general space heating is not a good temporal match to the fuel cell electrical output, but water heating
does match the electrical load reasonably well.  The low temperature of existing PEM fuel cells (80oC) further
limits heat transfer efficiency for reasonably sized heat exchangers, either to a building heat load or even to
the atmosphere.  The Department of Energy is planning to fund research into PEM fuel cells that can operate
above 100oC, primarily to help reduce the poisoning effects of carbon monoxide from fuel processors.  If
these higher temperatures are achieved, thermal cogeneration will be more beneficial.
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Gas and Electric Utility Prices

The financial viability of
stationary fuel cells will depend
to a large degree on the prices of
electricity and natural gas at the
building.  The expected electric
utility prices will determine the
cost savings by installing a
building fuel cell system, and
the expected utility electrical
rates and regulations will also
determine if it is ever viable to
consider selling power back to
the grid during off-peak periods.

Natural Gas Prices

Natural gas prices have
stabilized in current dollars since
the early 1980's, which means
prices are falling in constant
(inflation-adjusted) dollars. 
Natural gas costs about the
same today in constant dollars
as in 1973.  Average prices rose
slightly since 1995 but dropped
again in 1998 as shown in
Figure 0. 

Natural gas prices have averaged
around $2/MBTU (higher
heating value basis) at the
wellhead over the last few years,
with average U.S. utility gas
prices in the range of $2.10 to
$3/MBTU, as shown in Figure 1,
with industrial gas prices
typically $0.5/MBTU higher
than utility prices.  For
commercial buildings, however,
the delivered price of natural gas
averages around $5.50/MBTU,
and residential gas prices fluctuate seasonally, in the $6/MBTU range in the winter, rising to as much as
$8/MBTU in the summer.  The economics of distributed fuel cell power generation will depend greatly on
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whether the fuel cell system owner can obtain natural gas at industrial or utility rates compared to
commercial or even residential rates.  Presumably a building owner would have to pay commercial rates for
natural gas, making the fuel cell option much less attractive than a company that could negotiate industrial
rates for the natural gas fuel.  But if a utility or independent power generator could obtain utility natural gas
rates by bundling a large number of distributed fuel cell systems, then fuel cells running on natural gas as
the feedstock would be much more economical.

Natural gas prices also fluctuate geographically, typically lower in regions with indigenous natural gas
supplies, and higher elsewhere.  For example, average state residential rates varied from a low of
$3.65/MBTU (HHV) in Alaska to a high of $20.98/MBTU in Hawaii in 1997.  The range is less in the
contiguous 48 states, varying from $4.13/MBTU in Wyoming to a high of $9.28/MBTU in Rhode Island for
1997.

For the purposes of this analysis, we are most interested in those states that will most likely have fuel cell
vehicles.  Assuming that the California zero emission vehicle (ZEV) mandate provides the early impetus for
introduction of FCVs, then California and the northeastern states that have currently indicated they will opt
into the ZEV program (New York and Massachusetts) are the leading candidates.  Recent natural gas rates
for these three states are summarized in Table 3 along with those in Alaska, with the least costly natural gas.
 Unfortunately, the northeastern states have rather high natural gas prices, although California prices are near
the national average.

Table 3. Average Annual Natural Gas Prices for Selected States (1997/1998) ($/MBTU - HHV)

California New York Massachusetts Alaska

Residential 6.55 / 6.93 8.60 / NA 8.58 / NA 3.65 / 3.67

Commercial 6.21 / 6.26 6.64 / NA 6.51 / 6.62 2.37 / 2.41

Industrial 3.89 / 3.59 4.87 / NA 5.19 / 5.45 1.49 / NA

Utility 2.98 / 2.79 2.76 / 2.56 2.9 / 2.78 1.67 / 1.80
 
Electricity Prices

Electricity rates tend to be more variable than natural gas prices, fluctuating not only regionally but also from
one utility to another, with each utility offering a wide range of rate structures for residential and particularly
commercial and industrial customers. As shown in Figure 2, the average U.S. electricity prices have stabilized
in current dollars at about 4.5 cent/kWh for industry, 7.6 cents/kWh for commercial buildings and 8.5
cents/kWh for residences.   In constant (inflation-adjusted) dollars, electricity costs no more today than in
1973.
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Seasonal variations in
electricity prices are less than
those for natural gas, as shown
in Figure 2.  Average
residential rates vary between
8 cents/kWh in the winter and
9 cents/kWh in the summer.

Hawaii has the highest average
electrical rates, averaging 15.0
cents/kWh for 1997 for private
homes, with New England not
far behind at an average of
11.8 cents/kWh. New York
has the second highest average
residential rates at 13.8
cents/kWh for 1997.  Idaho
and Washington have the
lowest residential rates for
1997 at 5.0 and 5.2
cents/kWh.  The 1997 and
1998 average rates are listed
in Table 4 for the four states
of interest.  In all cases these
rates are the total revenues
(including energy charges
and power charges) divided
by the energy consumed in
kWh (EIA 1999).
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Table 4. Average Electrical Revenue per Kilowatthour for 1997/1998 (cents/kWh)

California New York Massachusetts Alaska

Residential 11.2 / 10.9 13.8 / 13.9 11.2 / 10.6 10.9 / 11.3

Commercial 8.8 / 8.8 11.4 / 11.5 9.3 / 9.4 9.3 / 9.3

Industrial 5.9 / 5.9 5.3 / 5.0 8.4 / 8.4 8.3 / 7.8

 
Comparison of Natural Gas and Electrical Rates

Natural gas is the least
expensive fuel delivered to an
end user on an energy
equivalent basis.  On a BTU
basis, residential electricity
selling at 8 cents/kWh is
equivalent to natural gas at
$23.46/MBTU, or  almost four
times more expensive as
residential natural gas selling at
$6/MBTU, as shown in Figure 1.
 Conversely, electricity would
have to sell at 2 cents/kWh to
provide the same energy as
natural gas at $6/MBTU. 
Therefore electricity generated
on-site from a natural gas-
powered fuel cell with natural
gas selling at $6/MBTU and 50% fuel cell efficiency and 65% steam reformer efficiency would have to sell
the resulting electricity at 6.2 4/kWh just to recover fuel costs.   If the capital recovery costs for the natural
gas reformer and fuel cell system are less than the difference between the current cost of electricity and 6.2
4/kWh, then the project would be economic.3

Selling electricity back to the utility does not look promising from this perspective.  Since off-peak electricity
prices are generally less than 4 cents/kWh, the fuel cell owner would most likely not be able to sell off-peak
power back to the grid at 6.2 4/kWh, even if the fuel cell system were free.

                                                  
3The actual electricity charge just to recover natural gas fuel cost would be 7.5 4/kWh for natural

gas at $6/MBTU, taking into account the electricity needed to run the reformer (1.64 kWh per kg of
hydrogen produced), the fuel cell efficiency (53.2%), the steam reformer efficiency (68.6%-LHV) and the
inverter efficiency (92%).
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The most likely geographical region for stationary fuel cell penetration should have a high ratio of electricity
to natural gas costs. Alaska has the most favorable ratios as shown in Figure 2, with electricity prices per unit
energy 8 to 11 times greater than natural gas prices per unit energy.  The primary ZEV states all have ratios
near four to one, similar to the national average.

Stationary Fuel Cell System Mass Production Cost Estimates

We have estimated the cost of the fuel cell system using the DTI cost database built up over the last several
years under DOE and Ford Motor Company contracts.  Most of the costs are based on a detailed "bottom-
up" analysis of the individual system components, using commercial cost estimation software for large scale
mass production materials, manufacturing processes and assembly time and cost. 

Fuel Cell System Cost Estimates

DTI, working with Ford Motor Company costing department, has previously analyzed the cost of mass-
produced PEM fuel systems for passenger vehicles (Lomax 1997).  These cost estimates are not valid for
stationary systems, however, due to very different operating conditions.  The stationary fuel cell would
normally operate at nearly constant output near its rated capacity for much of the day,  with decreased
output at night.  Operating lifetimes of greater than 50,000 hours (five years) are desirable for a stationary
fuel cell system.  By contrast, an automotive fuel cell generally operates for at most a few hours per day, and
rarely operates at the design peak power for more than 10 to 20 seconds two or three times per day.  The
average vehicle power draw on typical driving cycles is often only 10% of the rated fuel cell capacity. 
Lifetimes of 5,000 hours would be adequate for the life of the car.  As a result the stationary fuel cell must
be more robust. 

DTI: NG-Price.XLS; Tab 'NG-Elect'; AF37 -  5 / 8 / 1998
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In addition, the fuel cell production volume for a passenger vehicle would most likely be much larger than
the production quantity for supplying distributed power to buildings.  A major vehicle production line turns
out 300,000 vehicles per year.  A fuel cell vehicle power train would have 50 to 80 kW peak power capability.
 For comparison, there are estimated to be on the order of 2.2 million buildings in the U.S. including office
buildings, hospitals, hotels and retail stores (A.D. Little 1995).  The average electrical load for these buildings
varies from 33 kW for hotels and stores up to 95 kW average power draw for office buildings.  With capacity
factors near 50%, the peak power would vary between 66 kW and 200 kW, or at most three times the fuel
cell peak power required for one passenger vehicle.  Therefore to reach a fuel cell power production level
equal to that for 300,000 vehicles per year, industry would have to install fuel cell systems for on the order
of 150,000 buildings per year, or 7% of the estimated pool of likely buildings4. 

Given the widely dispersed and highly variable type of building in terms of size, load factors, ownership, etc.,
it is highly unlikely that this penetration level would be achieved for many years, whereas one automobile
manufacturer could conceivably build up this volume of fuel cell demand within a few years.  We have
therefore assumed a much slower ramp-up of stationary fuel cell system sales.  In particular, we have
assumed that the fuel cell manufacturer could not afford to install the large scale mass production equipment
that would be built to support the automotive market.  For example, instead of building a roll-to-roll machine
to manufacture the membrane electrode assemblies (MEAs), the heart of the fuel cell system, we assume
here that lower production volume batch machines are built to support the distributed utility market.  At one
extreme, fuel cell manufacturers would purchase MEAs from existing low-volume suppliers at costs on the
order of $500 per square meter.  These MEAs are made in a batch mode, with little or no automation.  We
then considered various levels of automation as sales volumes increased, assuming sales of 100, 1,000,
10,000 30,000 and 60,000 50-kW stationary fuel cell systems per year.

The cost of any fuel cell system will also depend on output power requirements.  Some analysts quote prices
in $/kW of peak power and apply this cost metric to all sizes of fuel cells.  However, some components in
any system do not scale linearly with output power.  This is particularly true for some ancillary components
such as switches, valves, sensors, safety devices, enclosures, etc., as well as some stack components such
as tie rods and end plates.  We have therefore estimated the fuel cell system cost as a function of membrane
area, which can be converted to the cost as a function of output power.  For this analysis, we are particularly
interested in a range of output power levels from 3 kW peak for a typical residence up to the 50 to 200 kW
range for a typical building.

                                                  
4This comparison assumes that the building fuel cell has approximately the same power density

as the automotive fuel cell. Originally we assumed that the stationary fuel cell system would operate at
much lower power density to prolong lifetime.  For example, if the stationary fuel cell operated at one
quarter the power density of the vehicle fuel cell, then each kW of stationary power would require four
times the fuel cell membrane area compared to a vehicle fuel cell.  However, we now are assuming that
stationary fuel cell systems will have similar peak power density, but higher platinum loading and thicker
membranes to assure long life.
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We have also assumed near ambient pressure operation of the stationary fuel cell system, replacing an
expensive compressor that provides three atmospheres of air pressure to the vehicle fuel cell cathode with
a blower for the stationary system.  This reduces the parasitic power required to run the fuel cell system, and
also reduces the ancillary costs for the system. 

The estimated cost of the fuel cell stack (excluding ancillary components) can be represented by the
following equation (see James 1999b for details on all fuel cell cost derivations):

where M = a fixed cost markup (1.1 default),
A = a cost parameter that depends on production volume (see table below),
Lp = the fuel cell platinum loading for both electrodes (mg/cm2),
Cp = the cost of platinum ($/troy ounce),
PG = the fuel cell gross DC peak power (kW),
Pd = the fuel cell power density (W/cm2),
d = the annual fuel cell degradation (%/year),
N = the planned fuel cell lifetime (years), and
B = a second cost parameter.

The fuel cell stack cost depends on the two cost parameters (A,B) which in turn have been developed for five
different production volumes as summarized in Table 5.  The "A" parameter is the power-dependent term
(specified in terms of $ per square meter of membrane area), and the "B" parameter is the fixed cost for the
fuel cell stack.

Table 5.  Fuel Cell Stack Cost Parameters

Production Volume Cost Parameter "A"
($/m2)

Cost Parameter "B"
($)

100 units 811.77 1311.3

1,000 722.54 363.33

10,000 454.45 428.51

30,000 329.24 405.79

60,000 312.26 160.98

The fuel cell stack cost assumes that the membrane degrades a fixed percentage each year, primarily  as a
result of catalyst degradation.  For this analysis, we assume a six percent per year drop, based on a review
of several laboratory degradation experiments (James 1999b).
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The cost given by Equation 1 is for the fuel cell stack.  A complete fuel cell system includes several other
ancillary components as listed in Table 6.  Again, we have estimated these ancillary component costs as a
function of the fuel cell output power and also the production volume.  We show the results for production
volumes of 100 units and 10,000 units in Table 6.  The resulting cost for these

Table 6. Fuel Cell Ancillary Component Cost Estimates (US$)

Fuel Cell Gross DC Power (kW)
Production
Quantity 4 10 50 100 200

100 $208 $292 $774 $1,169 $1,276

Air Blower 10,000 $197 $277 $733 $1,108 $1,209

100 $110 $111 $115 $120 $130

Humidification 10,000 $110 $110 $110 $110 $117

100 $215 $266 $606 $1,030 $1,878

Radiator 10,000 $181 $224 $510 $867 $1,581

100 $384 $393 $452 $527 $677

Stainless Steel Pump 10,000 $323 $331 $381 $444 $570

100 $50 $56 $136 $235 $435

Iron Pump 10,000 $50 $53 $128 $222 $411

100 $53 $58 $88 $125 $200

Control Electronics 10,000 $50 $50 $70 $100 $160

100 $2,280 $2,345 $2,782 $3,328 $4,420

Actuation & misc. 10,000 $2,052 $2,111 $2,504 $2,995 $3,978

100 $206 $215 $275 $350 $500

Piping, Valves, etc. 10,000 $165 $172 $220 $280 $400

100 $3,506 $3,736 $5,228 $6,884 $9,516

Totals 10,000 $3,128 $3,328 $4,656 $6,126 $8,426

ancillary components can be approximated by a quadratic equation in fuel cell output power -- the cost does
not vary linearly with power.  For 100 production units, the estimate ancillary cost is given by:
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For 10,000 production quantity, the ancillary costs are:

The results of this stationary PEM fuel cell cost analysis are compared with our earlier cost projections for
PEM vehicle fuel cell systems in Table 7 for 50 kW systems.  The 50-kW stationary fuel cell system cost is
projected at $490/kW for 100 units,  decreasing to $310/kW for 10,000 units, while the mobile fuel cell
system cost is estimated at $36/kW in automotive production volumes.

Table 7. Comparison of Fuel Cell Cost Estimates for Stationary and Mobile PEM Fuel Cell Systems

Stationary 50-kW PEM Fuel
Cell System

Mobile 50-kW PEM
Fuel Cell System

Production Quantity 100 10,000 300,000

$ $18,395 $9,962 $903

Fuel Cell Stack Cost $/kW 367.9 199.24 18.05

$ $6,270 $5,585 $939

Ancillary Components $/kW 125.4 111.7 18.77

$ $24,665 $15,547 $1,841

Total Fuel Cell System Cost $/kW 493.3 310.94 36.82

Fuel Cell Assumptions

Fuel Cell Degradation 6%/year 0

Lifetime hours 87,600 5,000

Platinum Loading mg/cm2 0.6 0.25

Cell Power Density W/cm2 0.6 1.0
(Platinum price = $380/troy ounce)

Inverter/Controller Cost Estimates

The direct current from the fuel cell must be inverted to alternating current for use in the building, and an
electronics control package will be required to operate the fuel cell system. As shown in Figure 2, DC to AC
inverters for the photovoltaic business are sold at prices near $1,000/kW for 3-kW residential systems. If we
assume a retail markup of 66%, then the cost would be in the range of $600/kW.  If we assume that one

P0.0454x - P39.942x + 3,343.5 = C 2
GGa

P0.0422x - P35.654x + 2,980.2 = C 2
GGa
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inverter company has sold only 1,000 of these units, then further cost reductions could be expected at the
10,000 quantity level.  With an 85% progress ratio and 10,000 cumulative production, the cost would be 58%
of $600/kW or $350/kW.

This estimate for the inverter
cost is consistent with a 1981
projection by SAI showing
inverter costs in the range
between $180/kW and
$225/kW by the 1990-2000
time period, after correcting for
inflation. No inverter sizes
were specified, but these costs
were associated with large
photovoltaic systems where
the cost per kW would be
expected to be less than for
small home-sized inverter
systems.  For the 50-kW
commercial building fuel cell,
we assume the lower price of $180/kW for 10,000 quantity production.

These estimates of $180 to $350/kW may seem high by automotive inverter standards.  For example, DOE
has set a goal of reducing vehicle inverter systems to $7/kW by 2004 (DOE 1998).  However, the vehicle
inverter would be produced in much larger quantities, and they have no requirements for synchronization
with the utility grid or for fault protection.  Even so, the two order of magnitude gap between these two
estimates deserves further exploration.

The resulting inverter cost estimate is given by:

Steam Methane Reformer Cost Estimates

DTI has also estimated the mass production cost for a stationary steam methane reformer system with
composite metal membrane gas cleanup (Thomas 1998b).   The estimated cost at a production volume of
6,000 units is:

where Q =  the reformer output capacity in kg of hydrogen per day.  A reformer would need a capacity of
40 kg/day to supply 50 FCVs, assuming a 63% capacity factor and 0.5 kg/day/FCV consumption.  This 40
kg/day capacity reformer would cost about $10,800 at the 6,000 production level, or about $9,580 for 10,000

DTI; Inverter.XLS; AA59; 5/7/1998
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units.  The relatively low plant capacity factor (63%) is based on the assumption that the fueling station
would experience seasonal, weekly and statistical load fluctuations in hydrogen gas demand.  With greater
hydrogen storage or less demand variation, the reformer cost per kg of hydrogen would be reduced. 

For the cogeneration systems evaluated here, we assume steady-state reformer operation: the reformer puts
out the maximum required hydrogen flow rate to provide the peak electrical capacity of the fuel cell.  Since
the electricity demand is rarely at peak power (the electrical load has low capacity factor), the excess
hydrogen produced is stored onsite for later dispensing into the FCV tanks.  The total capacity factor (to
produce both electricity and hydrogen) of the reformer is therefore improved, reducing the cost per quantity
of hydrogen produced. In the best case all this excess hydrogen is sold to FCV owners, maximizing return
on investment.  We also evaluate cases with fewer FCV customers, reducing the economics for the project.

For a 3-kWe home fuel cell system, the reformer needs to produce about 0.18 kg/hour of hydrogen on the
average, which is only 11% of the 50-FCV reformer output analyzed previously. The  estimated reformer
cost assuming 63% capacity factor (6.8 kg/day capacity) would be $6,523 at 6,000 units or $5,790 at the
10,000 level.  With continuous reformer operation and onsite hydrogen storage, the cost would be reduced
to $6,200 and $5,500 -- a small decrease since only 10% of the cost scales with output for these very small
reformer systems.

We also evaluated a scaled down version of the IFC PC-25 reformer, which has a larger hydrogen output
at approximately 12 kg/hour, or 78 times more than needed for the home fuel cell system.  With the scaling
parameters we had assumed for the PC-25, the cost of the 3 kWe reformer system with PSA gas cleanup
would be $10,500.  However, we have much less confidence in this value, given the large scaling range.  We
therefore use the $5,790 cost estimate for the residential fuel cell system in mass production.

Compressor Cost Estimates

DTI has estimated the mass production cost of a water cooled 8-stage hydrogen compressor based on an
eight cylinder automobile engine block, suitable for a 50-car fueling station.  This compressor is estimated
to cost $5,795 for a hydrogen flow rate of 2 kg/hour, assuming compression from atmospheric pressure to
41.4 MPa (6,000 psi) and 6,000 units produced.  To compress only 0.18 kg/hour needed for a 3-kW home
fuel cell system, the electric motor driving the compressor could be ten times lower power, and the
compressor itself would have lower cooling requirements. Costs could be reduced to $4,000 by eliminating
the liquid cooling and radiator and by using the smaller motor.  If we assume an 85% progress ratio, then
the cost would be reduced to $3,520 for 10,000 home fuel cell systems.

The Electrolyser Corporation has also estimated the cost of  a small scale compressor for hydrogen refueling
under contract to the Ford Motor Company, based on the FuelMaker natural gas fueling system.  This
FuelMaker now sells for US$2,700 with annual production in the range of 1,000 units, and can supply about
0.22 kg/hour of hydrogen, enough for the home fuel cell application.  Although the FuelMaker only
pressurizes to 3,600 psi now, Electrolyser is developing a higher pressure system operating on hydrogen.
 They project mass production costs of $1,875 for this hydrogen compressor capable of fueling vehicle tanks
at 5,000 psi, assuming 10,000 quantity production.  We therefore have a range of cost estimates between
$1,875 and $3,520 for the residential compressor in 10,000 unit production quantity.
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The 50-kW fuel cell system would require a compressor capable of handling 3.2 kg/hour when no electricity
was being produced and all hydrogen was diverted to the compressor, or 50% larger than the 8-stage
compressor described above. The compressor cost scales very little with output hydrogen flow at the 10,000
quantity level of production:

where Q = the hydrogen flow at peak power in kg/hour.  This equation only applies for hydrogen flow rates
in the range between 2 to 4 kg/h.  For the 50-kW fuel cell system, the compressor to handle the full output
from the reformer (3.2 kg/h) would cost about $5,500.

Hydrogen Storage Cost Estimates

For the typical home situation, we assume that the hydrogen is compressed slowly at night into the vehicle
tanks.  No hydrogen storage is required in this case.  However, if the customer wants to fast-fill his vehicle,
and for larger building applications, then on-site storage would be required.  In this case we assume
hydrogen is compressed to 6,000 psi and stored in carbon fiber wrapped composite tanks.  We assume
cascade filling with three separate hydrogen tanks.  From our previous work for DOE (Thomas 1998b), the
cost of a single stationary hydrogen tank including a solenoid valve and pressure relief device  is given by
for 10,000 quantity production volume.5

For stationary storage more than one tank is usually required for cascade filling -- the vehicle tank is first
filled from the lowest pressure storage tank.  The control system then sequentially switches the car tank to
higher pressure storage tanks until the maximum pressure is reached.  We generally assume that the peak
pressure is in the range of 6,000 psig for vehicle tanks rated at 5,000 psig.  However, with cascade filling, not
all hydrogen can be utilized.  Some hydrogen is left in the storage tank when its pressure drops too low for
efficient vehicle tank filling.  Tom Halvorson at Praxair has analyzed cascade filling in detail, and concluded
that 50% utilization is a practical level (Halvorson 1996).  The resulting cascade system cost is given by

                                                  
5The original cost estimate was made for 6,000 unit production; we have assumed a low 95%

progress ratio to convert to 10,000 unit production for storage tanks, which reduced cost by only 3.3%
relative to the 6,000 unit level of production.

h)$286xQ(kg/ + $4,526 = Ccomp.
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where Nt = the number of tanks in the cascade (default is six),
NFCV = the number of fuel cell vehicles supported by the system,
HFCV = the average daily hydrogen consumption by one FCV (default is 0.5 kg/day),
Sf = the total cascade storage fraction of average daily demand (default is 0.8), and
Uc = the hydrogen utilization fraction (default is 0.5).

For a stationary fuel cell system supporting 50 FCVs, the cost of the cascade storage system would then be
$9,380 at the 10,000 production level.  We use a rather small progress ratio of 95% for these composite fiber
wrapped tanks to extrapolate back to the 100 quantity level in the model.

Halvorson et al. have also devised an alternative tank filling scheme based on booster compression.  In this
case the hydrogen is stored at an intermediate pressure such as 3,000 psig.  Vehicle tanks are filled first from
this intermediate pressure storage.  The car tanks are then "topped off" with hydrogen from the booster
compressor.  The booster compressor is also used to fill the stationary tanks to their 3,000 psig rated level
from the reformer, using various stages of the compressor to serve the different compression tasks.  While
the compressor may be more complex, this booster filling system eliminates the need for very high pressure
stationary storage.  In addition, most of the hydrogen can be utilized, reducing the total volume of storage
required, and not all of the hydrogen is compressed to the maximum 6,000 psig pressure, saving on
compression electricity costs.  This booster compressor filling system may reduce system and operating
costs, but we have not had time to fully analyze this system under this task.  We use the more conservative
cascade filling system in this model.

Hydrogen Dispenser Cost Estimates

For the overnight, slow-fill residential case, the dispenser system would include the fueling hose and
connector, a pressure gauge, grounding system, control switches, a solenoid valve, a hydrogen sensor and
alarm system and a housing. We assume that these components would be integrated into the compressor
system control electronics. We project mass production cost of $625 for these components.

For the fast fill case, two extra pressure sensors would be required to monitor the three storage tanks, and
a more elaborate control system would be required to sequentially fill the vehicle tank from the three storage
tanks.  We estimate an extra cost of $460, or a total of $1,085 for the fast fill residential case in mass
production.

For the larger building system supplying multiple vehicles, the dispensing system would presumably be an
independent island, similar to gasoline fueling stations.  The industrial gas suppliers have previously
estimated a cost of $42,000 for a refueling island in low production volumes. We project that costs could be
reduced to $14,300 with 100 quantity production and to $4,800 per dispensing connection for 10,000
production volumes, assuming an 85% progress ratio.  The dispenser cost then scales with fuel cell power
according to:

P79x + $850 = C Ndisp
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Stationary Fuel Cell System Economic Evaluation

We have evaluated the economics of building fuel cell systems to deliver three products: electricity, heat and
hydrogen.  We evaluated performance in four regions of the country: California, New York, Massachusetts
and Alaska -- the first three due to the zero emission vehicle mandate and Alaska because of its extremely
favorable ratio of electricity to natural gas cost.

Financial Assumptions

We have analyzed the project economic performance from two perspectives: first we calculate the price of
electricity necessary to yield a 10% real, after tax return on the fuel cell investment.  If this target electricity
price is less than the prevailing utility price in the region, then the project would be economic.  We then
estimate the price of hydrogen required to produce a 10% return on the investment in the compressor,
storage and dispenser.  The resulting hydrogen price is then compared with the price of gasoline per mile
driven.

Next we reverse the calculation, fixing the price of electricity at the prevailing regional price, and setting the
price of hydrogen equivalent to the price of gasoline.  The model then estimates the system return on
investment for four primary cases:

* selling electricity only
* selling electricity and heat
* selling electricity and hydrogen
* selling electricity, heat and hydrogen

The basic financial parameters are summarized in Table 8. The first four parameters are held constant for all
analyses reported here.  For the first economic case (fixed return of 10%),  the annualized fraction of capital
that must be recovered in the price of electricity varies depending on the expected life of the component.
 For example, the storage tanks with an expected life of 20 years

 Table 8. Financial Assumptions

Insurance Rate 0.002

Property Tax Rate 0.012

Inflation Rate 0.02

Marginal Corporate Income Tax Rate 0.26

After-Tax Real Rate of Return (to set price of
electricity in first economic analysis case
only) 0.1

Lifetime (years) 10 15 20

Annual Capital Recovery Factor: 0.206 0.177 0.166
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requires a 16.6% annual capital recovery to yield the ten percent return, while the fuel cell system with a 10-
year life expectancy requires a 20.6% per year capital recovery, all assuming straight-line depreciation for
tax purposes, as shown in the last two rows of the table.

The assumed operation and maintenance (O&M) costs and lifetimes for each component are summarized
in Table 9.  The O&M costs are expressed as a fraction of the capital cost for each component. 

Table 9. Operation and Maintenance Costs and Lifetime Estimates

Operation & Maintenance
Costs Lifetime (years)

Steam Methane Reformer 0.035 15

Fuel Cell System 0.03 10

Inverter/Control System 0.01 20

Compressor System 0.045 10

Storage Tanks 0.025 20

Connector/dispenser 0.05 15

Economics of a 50-kW Commercial Building Fuel Cell System

Electricity Price to Generate 10% Return

The price of electricity necessary for a 10% real, after-tax ROI was calculated for four states for three
different system production volumes: an initial system6, systems produced in 100 quantities, and production
at the 10,000 level.  The results are summarized in Table 10 assuming a 50-kW fuel cell system -- the net
output peak AC power to the building is 50 kW.  We assume that the building has an electrical capacity
factor of 60%, similar to the maximum factors for hotels and hospitals.  The
results reported here would therefore not apply to typical office buildings, schools or shopping malls that
have much lower electrical capacity factors.  The natural gas and electricity prices are average prices for 1998
(EIA-1999).  The electricity prices are the total revenues from a customer divided by the energy used in kWh.
 These electricity costs therefore include the commercial demand charges for power demand (kW) and any
fixed monthly charges, and are larger than the actual average energy charges in cents/kWh.

The results illustrate that selling only electricity would be quite attractive in Alaska if 10,000 systems were
built, with the fuel cell electricity selling at 6.6 cents/kWh compared to the average utility electricity charge
equivalent to 9.2/kWh.  The 50-kW system would be marginally attractive in New York (due to the high
electricity rates in New York), but would not achieve our 10% return criterion in California or Massachusetts

                                                  
6 The initial cost does not include any R&D recovery.  The very first systems deployed in

demonstration projects would undoubtedly cost much more than the $200,100 assumed here.
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even if 10,000 systems were built.

 Table 10. Commercial Electricity Prices Required for 10% ROI vs. Actual Regional Prices

Required Electricity Price for 10% Real,
After-Tax Return on Investment

(Cents/kWh)

Commercial
Natural Gas

Price
($/MBTU-

HHV)

Average
Commercial
Electricity

Prices
(Cents/kWh) 1 Qty. 100 Qty 10,000 Qty

Alaska 2.41 9.2 21.4 10.8 6.6

California 6.26 8.7 26.1 15.7 11.4

Massachusetts 6.62 9.4 26.7 16.1 11.9

New York 6.64 11.0 26.7 16.1 11.9

Fuel Cell System Cost ($) $200,100 $85,070 $38,900

Fuel Cell System Cost ($/kW) 4,002 1,701 778

Since the maximum expected electrical capacity factor is only 60%, the steam reformer can be operated the
other 40% of the time to produce hydrogen.  We assume that a hydrogen compressor, storage tanks and a
dispenser to supply FCVs are purchased.  The cost of hydrogen to return 10% on this investment is then
calculated, as summarized in Table 11. The cost of hydrogen is expressed in $/gallon of gasoline-equivalent,
taking into account the higher fuel economy for a hydrogen FCV compared to a gasoline ICEV.  We assume
that the FCV will have 2.2 times higher energy efficiency than a gasoline ICEV.  A hydrogen price of
$1.20/gallon equivalent would produce the same cost per mile for a hydrogen FCV  as for a gasoline ICEV.
 The prices shown in Table 11 do not include road taxes.  We assume here governments (Federal and state)
would try to encourage the use of hydrogen initially by exempting this superclean fuel from highway taxes.

Unlike the case for electricity sales only, the hydrogen produced off-peak is competitive with gasoline prices
today, even for the case of only 100 systems produced. Eventually, as hydrogen became a more common
fuel, road taxes might be added.  In this case the hydrogen must be equal to or less than the wholesale price
of gasoline, currently in the region of $0.80/gallon in the U.S.  As shown in Table 11, hydrogen produced
in all four regions approach the wholesale price of gasoline if 10,000 systems were produced, and even 100
unit production would be sufficient to produce hydrogen near the wholesale gasoline price in Alaska, again
due to the very inexpensive natural gas at $2.41/MBTU.  These hydrogen prices assume that all of the
hydrogen produced when the fuel cell is below peak power is sold.  This hydrogen could support about 44
full size passenger vehicles.

Since the price of hydrogen is below the retail (fully taxed) gasoline price, the fuel cell owner would have
the option of raising the price of hydrogen to subsidize the price of electricity.  The project could then
achieve its 10% ROI selling both products.  This tradeoff is illustrated in Figure 2 for the case of average
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California utility prices. At the 10,000 unit production level, electricity would have to sell at 11.4 cents/kWh
in California (lower horizontal line in Figure 2), which is above the average commercial rate of 8.7 4/kWh.

Table 11. Hydrogen Prices Required for 10% ROI on the Compressor, Storage and Dispenser System

Required Hydrogen Price for 10% Real, After-Tax
Return on Investment

($/gallon of gasoline-equivalent)Commercial
Natural Gas Price
($/MBTU-HHV) 1 Qty. 100 Qty 10,000 Qty

Alaska 2.41 1.78 0.84 0.50

California 6.26 2.18 1.24 0.91

Massachusetts 6.62 2.22 1.28 0.94

New York 6.64 2.22 1.28 0.95

Hydrogen System Cost ($) 107,020 41,880 18,690

Hydrogen System Cost ($/kW) 2,140 838 374

If the hydrogen price were increased
from $0.91/gallon-equivalent (which
would return 10% on the hydrogen
equipment) to $1.30/gallon, then the
price of electricity could be reduced to
8.7 4/kWh (lower diagonal line in
Figure 1). 

The same tradeoffs for Alaska are
illustrated in Figure 2. In this case
electricity is already below the
prevailing rate of 9.2 4/kWh at the
10,000 production level.  Adding
hydrogen provides even greater
flexibility in terms of pricing
electricity well below the going rate of
9.2 4/kWh while at the same time
selling hydrogen at less than
$1.20/gallon-equivalent.  Even the 100-production level provides near-competitive rates selling electricity at
9.2 4/kWh and hydrogen below $1.10/gallon of gasoline-equivalent.
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Estimated Return with Oversize Reformer

The return on investment
could be increased in
those situations where
more hydrogen could be
sold by making a larger
steam methane reformer.
 This oversize reformer
would produce all of the
hydrogen needed to
supply the specified
electrical output from the
fuel cell system in
addition to supplying
extra hydrogen at all
hours, not just during
low electrical demand
hours.  The model
calculates the necessary
hydrogen to run the fuel
cell system and the
compressor system to
compress all hydrogen
produced to 6,000 psi, on
the assumption that the
hydrogen will be stored
onboard vehicles at 5,000
psi.  In addition, the fuel
cell electricity is used to
run the steam methane
reformer.  Hence the
model calculates the extra
hydrogen necessary to
supply electricity to both
the reformer and the
hydrogen compressor.

The electricity/hydrogen
price tradeoffs are
summarized in Figure 1
for a 50-kW fuel cell
system in California with
the steam methane reformer oversized to produce enough hydrogen for 200 fuel cell vehicles.  That is, the
reformer would supply 44 FCVs with hydrogen from the off-peak hydrogen production, plus enough
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hydrogen for 156 more FCVs with a constant hydrogen output over 24 hours.7  If hydrogen could be sold
at $1.20/gallon of gasoline-equivalent, then the price of electricity to bring our goal 10% ROI could be
reduced from just under 16 4/kWh down to 10 4/kWh for 100 quantity production.  If 10,000 such fuel cell
systems were built, then hydrogen could be sold at $1.00/gallon-equivalent, and electricity could be sold
profitably at 6 4/kWh.  In other words, both hydrogen and electricity could be sold below the competing
price if a market for hydrogen equivalent to 200 FCVs were available on-site.  These 200 FCVs would
consume on the average 100 kg/day (or 12 GJ/day (LHV) or 1,200 standard cubic meters/day or 42,320
standard cubic feet/day) of hydrogen.8

The data in Figure 0 are based on average 1998 commercial natural gas prices in California of $6.26/MBTU
(HHV).  If the building owner could obtain natural gas at the prevailing industrial gas prices in California at
$3.59/MBTU, then the economics improve dramatically as shown in Figure 1.  Now even the 100-unit
production run would provide the 10% real, after-tax return on investment with hydrogen selling at
$1.00/gallon-equivalent and electricity selling at only 4 4/kWh.  At the 10,000 production level, the price of
hydrogen could be reduced
to only 70 4/gallon-
equivalent, near the
wholesale cost of gasoline,
with electricity selling at
only 3 4/kWh.  Thus the
hydrogen could even
accommodate highway
taxes and still compete
with gasoline in a
conventional vehicle. 

We conclude that
hydrogen could be a very
effective co-product to fuel
cell-generated electricity as
long as the building owner
could obtain industrial
natural gas prices (on the
order of $3.50/MBTU) and
has a need for hydrogen
equivalent to supporting 200 fuel cell vehicles.

                                                  
7The model assumes a 90% reformer capacity factor and a 95% plant availability to account for

down-time, so the reformer capacity is increased by a factor of 1.17 to account for down-time and
uneven demand for the hydrogen product.

8This consumption assumes 12,000 miles traveled per year and 66 miles per gallon of gasoline-
equivalent fuel economy for the 5-passenger fuel cell vehicle.
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Estimated Return Based on Current Utility Rates

As an alternative to evaluate the economics of the building fuel cell system, we can fix the price of natural
gas at the prevailing rate for commercial establishments in the region, and calculate the return on investment
assuming that the major revenue for the project is the avoided cost of electricity for the building.  The
avoided electricity cost is set by the prevailing price of commercial electricity in the region. 

As a second step, we estimate the avoided heating cost for space heat and for water heating if the fuel cell
system waste heat is used to offset the building thermal load.  The return on investment is then recalculated
using avoided electricity and avoided heating costs as the revenue for the project.  We assume that the space
heating system in the building has 90% efficiency, and we assume that  the heat from the fuel cell system
is recovered at 60% efficiency.  For each state, the model calculates the lesser of the building heat load or
the fuel cell recoverable waste heat.  For northern buildings we assume that the building thermal load is 70%
of the annual electrical consumption.  For southern states thermal loads average about 47% of the building
electrical load, including both hot water and space heating. The model then calculates the avoided natural
gas costs for the heat supplied by the fuel cell system.

Finally, we produce hydrogen during the off-peak electrical times, and sell  the hydrogen at $1.20/gallon of
gasoline equivalent, creating a third revenue stream for the project (in addition to avoided electricity and
avoided natural gas heating costs). 
The results of these calculations are
summarized in Figure 2 for the case of
California at the 10,000 quantity
production level.

If we only count the avoided cost of
electricity, then the project loses
money -- the cost of amortizing the
fuel cell system equipment plus
operating expenses exceed the
avoided cost of electricity, or a
negative ROI.  If we cogenerate heat
for the building,  the ROI improves
but is still negative in a southern state
like California.  (The ROI would be
about a positive 1.5% in a northern U.S. building with California utility rates.)  If we add hydrogen to
electricity (no heat cogeneration), then the ROI increases to 5%.  Combining electricity, hydrogen and
thermal cogeneration increases the ROI to 9.5% (south) to 10.8% (north). In effect hydrogen sales make the
project economic.
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The real, after-tax return on
investment criterion used here is
rather stringent, accounting for
both taxes and inflation.  For
frame of reference, the various
rates of return are compared in
Table 12 for the California
commercial case used to generate
the previous figures.  The 10.8%
real, after-tax return for the case
of electricity, hydrogen and heat
cogeneration is equivalent to
13.0% after-tax return in current
dollars (with the 2% inflation
assumed here), and it is
equivalent to 16.6% ROI before
taxes (with the 26% marginal
corporate income tax rate
assumed here).

The same real, after-tax ROI
calculations shown in the
previous figure are summarized in
Figure 2 for all four states.
Massachusetts is very similar to
California, since they have
approximately the same electricity and

Table 12. Comparison of Rates of Return for California Commercial Building Case (%)
(for 10,000 Production Level)

Before Tax
Return

After Tax
Return

Real, After
Tax Return

Electricity Only - -8.2 -10.0

Electricity & Heat - California 1.17 1.0 -1.0

[Electricity & Heat - Northern Building] 4.5 3.4 1.5

Hydrogen & Electricity 9.0 7.0 4.9

Hydrogen & Electricity & Heat - California 15.1 11.7 9.5

[Hydrogen & Electricity & Heat - North] 16.6 13.0 10.8

SMR Electricity kWh/kg 1.64
Purchased Electricity Cost cents/kWh 8.8
Purchased Electricity Demand Charge $/kW/month
Natural Gas Cost $/MBTU 3.6
Hydrogen Sales Price $/gallon-eq. 1.2
Fuel Cell System Net AC Power Out kW 50
Insurance Rate 0.005
Property Tax Rate 0.015
Inflation Rate 0.02
Marginal Corp. Income Tax Rate 0.26
After Tax Real Rate of Return 0.1
Plant Availability 0.95
Electrical Load Capacity Factor (Commercial / Residential) 0.6 0.27
Number of FCVs 200
Fuel Cell Vehicle Fuel Economy MPG-equiv. 66
Annual Miles Traveled miles 12000
Gasoline Lower Heating Value MBTU/gallon 0.115
Hydrogen Lower Heating Value MBTU/kg 0.1136
Fuel Cell Parasitic Losses Fraction 0.05
Hydrogen Production Capacity Factor Fraction 0.9
Building NG Furnace Efficiency Fraction 0.9
Building Thermal Load/Electrical (N/S) Fraction 0.7 0.47
Fuel cell system degradation %/yr 0.06
Fuel Cell fixed cost ["B" 100/10K units] $ 1311.3 428.51
Fuel Cell power-dependent cost ["A"] $/kW 811.77 454.45
FC Power & Pt-dependent cost $/ 16
Market Price of Platinum $/troy ounce 380
Pt Salvage Fraction for Fuel Cell System 0.5
Pd Loading mg/cm^2 0.6
Cell Peak power density W/cm^2 0.6

FC Ancillary Fixed Cost [100 & 10K units] $ 3343.5 2980.2
FC Ancillary Linear Cost [100 & 10K units]$/kW 39.94 35.65

FC Ancillary Quad. Cost [100 & 10K units]$/kW^2 -0.0454 -0.0422



31

natural gas commercial prices.  A 50-kW fuel cell system in New  York is more profitable due to the average
commercial electricity price of 11.0 cents/kWh, compared to 9.4 4/kWh average in Massachusetts -- the New
York fuel cell project avoids higher electricity rates by installing the fuel cell system.   The project reaches
our 10% ROI goal with electricity and heat cogeneration, even without hydrogen coproduction.  Adding
hydrogen sales boosts the estimated ROI above 15% including thermal cogeneration.  Alaska ROIs exceed
25% without hydrogen and 35% with hydrogen cogeneration.

Return on Investment vs. Number of FCVs

The excess hydrogen produced from the 50-kW fuel cell system is enough to supply 44 FCVs during the
40% electricity off-peak period.  We assumed above that each fuel cell system supported exactly 44 FCVs.
 If fewer vehicles were available, then profitability would decline.  Even with 44 FCVs assigned to the fuel
cell system, there would need to be some adjustment for variable hydrogen demand over time.

The ROIs are summarized in Figure 2 as a function of the number of fuel cell vehicles supported by the
building fuel cell system for the four states analyzed here.  For each state, the horizontal line shows the ROI
without hydrogen, but including thermal cogeneration.  The diagonal line shows the ROI when the hydrogen
compressor, storage tanks and dispenser system is added.  For Alaska (top lines), the ROI is improved with
hydrogen as long as more than 18 FCVs are supported by the facility.  For New York, at least 25 FCVs are
required for a net gain with hydrogen, while Massachusetts benefits from more than 16 FCVs and California
would have higher return for more than 12 FCVs.  Of course these same economic benefits would be
obtained if the hydrogen were consumed on-site for an industrial user needing extra hydrogen.
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Return on Investment vs.
Size of Fuel Cell

 All data presented previously
assume a 50-kW net AC power
to the building.  Producing
larger fuel cells would improve
the economics, since the cost
per kW of power decreases with
increasing size.  Conversely, the
economics will diminish for
small systems. The return on
investment is shown in Figure 1
as a function of the size of the
fuel cell system sited in
California.  The top three curves
all include hydrogen sales at the
maximum usage, assuming that
there are enough FCVs (or other industrial use) to absorb all of the off-peak hydrogen generation.

With our cost and financial
assumptions the stationary fuel
cell system never generates a
positive return in California,
assuming average California
commercial electricity and
natural gas rates.  It is always
less expensive to pay the
average existing utility rates
then to purchase and operate a
stationary fuel cell system. 
Adding heat cogeneration to
displace some natural gas
heating consumption in the
building approaches 5% ROI in
northern climates for the larger
(>150 kW) systems.  Otherwise
hydrogen sales are necessary to
make a significant return on investment.
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Economics of a 3.4-kW Residential Fuel Cell System

The previous figure clearly demonstrates that the project economics fall substantially for commercial
building fuel cell systems below 15 kW.  The average U.S. residence only requires 3.4 (North) to 3.7 (South)
kW peak, with an average demand of only 900 watts to 1.07 kW, corresponding to electrical capacity factors
between 24 to 27%.  The residential fuel cell system has the economic advantage of competing with higher
residential electrical prices than the commercial system, but this is more than offset by the higher fuel cell
system costs per kW, the much lower capacity factors and the higher natural gas costs to residential
consumers.

The estimated system capital costs as a function of fuel cell system size are shown in Figure 2. Below 5 kW,
we project system costs approaching $10,000/kW, even at production volumes of 10,000 units.   The
elements of these cost estimates are shown in Figure 3 for the residential sized systems.

These small fuel cell cost estimates
may be excessive since we costed
the larger systems and scaled
down.  From the top down cost
analysis, it appears that many
components will not scale down in
cost as they are made smaller.  But
if the system is designed initially
for the smaller residential system,
new configurations may be
invented that avoid these scale
down difficulties.  Several
companies are reportedly
developing home fuel cell systems,
so they must be convinced that
lower prices are achievable. For
example, Northwest Power Systems estimates that they can produce a steam methane reformer in the 3 to
5 kW size for $150/kW to $350/kW "when manufactured in volume," using a proprietary membrane gas
cleanup system (Edlund 1999).  Our model estimates reformer costs in the range between $1,200
to$1,800/kW in this size range at the 10,000 production level.  Two other companies, Plug Power and
American Power Corporation, are developing small residential  PEM fuel cell systems with batteries to
supply peak power (Wolk 1999).  Target price for the American Power fuel cell system is $5,000 in mass
production, while Plug Power is projecting initial prices in the range between $7,500 and $10,000, dropping
to $3,500 in mass production for a residential system.  For comparison, our cost analysis shows initial costs
of $25,000 for a 3.4 kW system, falling to $11,300 at the 10,000 quantity production level.  We have not
included the option of a peak power battery in our cost analysis, however.9

                                                  
9DTI is currently adding this battery peak power option to our cost model.
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Electricity Prices Necessary for
10% Return on Investment

The economics of the residential fuel
cell system are very discouraging
with our cost estimates. The required
electricity prices to produce a 10%
ROI are summarized in Table 13 for
a 3.4 net AC kW home fuel cell
system,

Table 13. Residential Electricity
Prices Required for 10% ROI vs.
Actual Regional Prices

Required Electricity Price for 10% Real,
After-Tax Return on Investment

(Cents/kWh)

Residential
Natural Gas

Price
($/MBTU-

HHV)

Average
Residential
Electricity

Prices
(Cents/kWh) 1 Qty. 100 Qty 10,000 Qty

Alaska 3.67 11.3 195 82.3 39.7

California 6.93 10.9 199 86.4 43.8

Massachusetts 8.58 10.6 201 88.4 45.9

New York 8.60 13.9 201 88.5 45.9

Fuel Cell System Cost10 ($) 62,550 25,300 11,300

Fuel Cell System Cost ($/kW) 18,397 7,441 3,324

                                                  
10The fuel cell system costs include costs for the steam methane reformer and for the DC to AC

three-phase inverter and control electronics.
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compared to actual average state residential electricity rates.  Even in Alaska, the residential system would
require a selling price of 39.7 cents/kWh after 10,000 units were built, three times the average residential rate
of 11.3 cents/kWh. With the very low electrical capacity factor (27%), the reformer could be used to supply
up to five FCVs with off-peak hydrogen.  The resulting cost of hydrogen necessary to bring a 10% ROI is
summarized in Table 14 for the residential system, assuming that five FCVS are available for each house.
 Despite this optimistic assumption, the cost of hydrogen produced is at best $1.57/gallon of gasoline
equivalent in Alaska, well above the price of fully taxed

Table 14. Hydrogen Prices Required for 10% ROI on the Compressor, Storage and Dispenser System for
a 3.4 kW Home Fuel Cell System with Hydrogen Coproduction

Required Hydrogen Price for 10% Real, After-Tax
Return on Investment

($/gallon of gasoline-equivalent)Residential Natural
Gas Price

($/MBTU-HHV) 1 Qty. 100 Qty 10,000 Qty

Alaska 3.67 8.97 3.47 1.57

California 6.93 9.31 3.81 1.91

Massachusetts 8.58 9.48 3.98 2.08

New York 8.6 9.48 3.98 2.08

Hydrogen System Cost ($) 66,430 24,170 9,500

Hydrogen System Cost ($/kW) 19,538 7,109 2,794

gasoline. (The average retail price of gasoline in Alaska including state and federal taxes was $1.39/gallon
in January 1998.) Therefore selling hydrogen will not improve the project economics to a viable level under
these cost assumptions.

Capital Cost of Residential Fuel Cell System Necessary for 10% Return

Since our cost estimates do not yield the desired return under any circumstances for a residential system,
we can invert the calculation and ask what capital cost would be required to meet the financial target.  The
cost reduction factor was calculated for each of the four states in this study, using the average state
residential electricity and natural gas prices.  The results shown in Figure 2 illustrate that Alaska has the most
favorable conditions.  The fuel cell system costs would have to be reduced to 19.4% of the costs reported
earlier for the 10,000 production level, assuming that only electricity was sold. Thus the cost of the steam
methane reformer, fuel cell and inverter would have to be reduced from our estimate of $25,300 to $4,910
to reach the 10% ROI. For the hydrogen coproduction case in Alaska, the capital cost of the total system
(including  the compressor, storage tanks and dispenser system) would have to be reduced to 40.7% of our
estimates to reach the 10% ROI goal selling both electricity and hydrogen -- in this case our total estimate
of $49,470 for the fuel cell and the hydrogen system would have to be reduced to $20,130.  This example
illustrates again that hydrogen coproduction is valuable.  The fuel cell system alone would have to be
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produced for $4,910 to sell only
electricity, while the fuel cell
and hydrogen system could cost
$20,130 and still make 10% ROI
for the total project.

Massachusetts has the worst
residential climate for this
application,  since their
residential natural gas prices are
much higher than  their
commercial natural gas prices.
In this case, no reduction in fuel
cell system costs brings a 10%
ROI.  Even if the fuel cell
system were free, it would cost
more to convert natural gas selling at $8.58/MBTU, the average residential rate in Massachusetts, to electricity
selling at 10.6 4/kWh.  In all four states, the addition of hydrogen at least reduces the need to cut costs. 

The actual allowable component
prices in $/kW for these 3.4 kW
residential systems are shown in
Figure 1.  The bar on the left for
each state indicates the allowable
cost in $/kW for the fuel cell by
itself, selling only electricity.
Total fuel cell system costs would
need to be less than $650/kW,
even in Alaska, to reach 10%
returns producing only electricity.
 Adding the hydrogen system
(assuming similar reductions in
our cost estimates for the
hydrogen system and also
assuming five FCVs are available
for every residence -- both
optimistic assumptions), then the
fuel cell system could be
economic at $1,400/kW or less  in Alaska, or less than $650/kW in California.  The allowable hydrogen
system costs ($/kW of electrical output from the fuel cell) are also shown as the third column on Figure 1
for each state.
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Conclusions Regarding Stationary Building Fuel Cell Systems

We conclude that hydrogen cogeneration could provide an economic benefit to a commercial building
stationary fuel cell system, but residential fuel cell systems are not promising.  Specifically, for commercial
building fuel cell systems, we find that:

1. Selling only electricity from a stationary PEM fuel cell system can fail to produce a positive
return on investment in regions with a low ratio of electricity price to natural gas price, even
with costs projected for 10,000 unit production.

2. Thermal cogeneration can improve project economics, but may still fail to reach a target of
10% real, after-tax return on investment.

3. Producing hydrogen for fuel cell vehicles or other industrial uses during electricity off-peak
periods can improve return on investment by 10 to 15 percentage points, assuming that all
the hydrogen can be sold (requires about 44 FCVs per 50-kW fuel cell system with a building
electrical capacity factor of 60%).

4. Alaska is the most favorable location for stationary fuel cell systems with respect to high
electricity price to natural gas price ratio.

5. Project economics are improved dramatically if the fuel cell system operator can obtain
industrial rates for natural gas instead of commercial rates.  For example, the estimated real,
after-tax return on investment increases from 5% selling hydrogen and electricity from a 50-
kW fuel cell system in California with commercial natural gas rates up to 25% with industrial
natural gas rates.

6. Project economics can also be improved by building an oversized reformer to support
additional fuel cell vehicles or to supply hydrogen for industrial uses.

For small residential fuel cell systems, we do not project economic performance, even at the 10,000 unit
production level.  We find that:

1. Electricity prices would have to reach 44 cents/kWh in California before a 3.4 kW residential
fuel cell system would return 10% on the investment based on avoided electricity costs alone.
 This poor performance is due to a combination of very low electrical capacity factor (24%
to 27%) and high costs per  kW for small systems.

2. Conversely, PEM fuel cell system costs would have to be reduced to only 6.7% (California)
to 19.4% (Alaska) of the costs estimated here for 10,000 production quantities for the project
to return 10%, again assuming only electricity displacement.

3. Adding hydrogen cogeneration reduces the need to cut costs, but still requires costs that are
7.6% to 41% of those estimated in this study for 10,000 unit production.
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4. Selling electricity back to the grid during the off-peak hours is not a viable option.

Airport Ground Support Equipment

In this task we have evaluated the merits and costs of converting three types of airport ground support
equipment (GSE) to run on hydrogen-powered fuel cell vehicles.  For details of this analysis, see (Barbour
1998).  We include the executive summary of this report below, followed by a summary of the cost
comparisons between battery power and hydrogen-fuel cell power for the three types of GSE

Executive Summary of Airport Ground Support Equipment Analysis

Airport emissions have been garnering more attention recently, and the industry is looking for ways to
reduce its contribution to local pollution and greenhouse gas emissions. Airport emissions are attributable
to the aircraft themselves and the ground support equipment (GSE). Since there is limited potential to reduce
aircraft emissions in the near-term, the focus of this recent attention has been on ground support equipment,
even though GSE is only responsible for 2-6% of airport emissions (Corrales, 1997). Battery electric and
natural gas have been the primary alternatives utilized in the industry to reduce emissions. Battery-powered
vehicles have been primarily hampered by their range and recharging times, although improvements continue
to be made in these areas. Natural gas vehicles have satisfactory performance, but achieve only limited
emissions reductions.

Polymer Electrolyte Membrane (PEM) fuel cell technology offers an alternative method to achieve nearly
zero emissions with equal performance. This study considered the feasibility of utilizing a fuel cell with or
without a battery in three types of GSE: an airport shuttle bus, baggage tractor, and belt loader. This
feasibility study was based on DOE goals of 0.5 kW/L and 0.5 kW/kg for the fuel cell system, Directed
Technologies, Inc. cost models, standard emissions estimates, and knowledge of the GSE equipment in
question.

The two alternatives considered in this study were the pure fuel cell vehicle (FCEV) and the range extender
(RE). In the pure fuel cell option, the fuel cell was designed to meet maximum power requirements. The fuel
cell in the range extender could be much smaller, meeting only the average power requirements, with the
battery supplying peak power. For each case, the amount of hydrogen storage was chosen such that the
vehicle is able to operate for a dayos operations before needing to refuel. A greater range could be provided
by increasing the size of the hydrogen tank, within the space limitations of the vehicle.

In addition to demonstrating the technical feasibility of the concept, it is important to determine if the system
will be cost competitive. Using previously derived cost estimation methods for fuel cells, hydrogen tanks,
and batteries, the initial and mass production costs were calculated. While the fuel cell-powered vehicles are
much more costly initially, the costs at mass production are projected to be below those of their battery-
powered counterparts. Although the GSE market is relatively small, PEM fuel cell costs could be greatly
reduced based on the mass production of PEM fuel cells used in all applications. The energy costs were
based on hydrogen production from a factory-built steam methane reformer at $2/kg. This hydrogen cost
was shown to be comparable to electricity used to charge battery-powered GSE at a rate of $0.09/kWh. The
life cycle costs were calculated for each version utilizing capital costs, energy costs, and battery replacement
costs, where applicable. The life cycle costs favored the fuel cell versions over the battery version, with the
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range extender having the lowest anticipated cost.

The greenhouse gas emissions and local air pollution contributions were used as a measure of the
environmental benefits of fuel cell-powered GSE compared to diesel, natural gas, and battery electric. There
is no clear advantage in terms of greenhouse gases for any of these power methods. By this measure, fuel
cell vehicles using hydrogen derived from natural gas are almost equal to battery and diesel power. Fuel cell
vehicles could virtually eliminate both local air pollution and greenhouse gas emissions if the hydrogen was
produced from renewable energy sources. Local emissions were considered to include those from diesel and
natural gas engines and from the steam methane reformer used to produce hydrogen. The power plants
supplying electricity for charging, compression of H2, or reforming of H2 were considered to be outside the
urban airshed. In the case of local pollutants emitted, however, fuel cell-powered GSE and battery GSE had
97-100% lower emissions than diesel or natural gas vehicles.

The important findings of this work are:

o Fuel cell-powered GSE are technically feasible. Based on DOE goals, a fuel cell or range extender system
can be designed to use the existing space onboard the vehicles, achieving equal or greater power and range.

o Using cost estimates by Directed Technologies, Inc., it appears that this technology will become
economically attractive as well, assuming that fuel cells are mass produced in large volume for other
applications.

o Central refueling and public exposure highlight airports as a potential pathway for the introduction of
commercial fuel cell technology. The GSE industry is, however, a limited market and will have difficulty
achieving sufficient cost reduction in the near term (without mass production volume of fuel cells for other
applications). Cost estimates show that of the proposed fuel cell power systems, only the range extender bus
achieves cost equality with battery EVos in the limited production case.

o FC-powered GSE offer the potential for increased performance. By definition, battery powered vehicles
are heavy and have limited range. FC-powered GSE offer lower weight, longer range, and lower power
requirements due to their lighter weight. Fuel cells may provide even more of an advantage in cold climates,
where batteries have notoriously bad performance.

Y There is no distinct advantage of using the range extender (RE) concept compared to a pure fuel cell
system in GSE. Both initial and mass production costs are slightly in favor of the range extender. However,
the range extender will have a heavier power train and the fuel economy will be 20-35% lower due to the
energy losses associated with charging and discharging the battery.

o Energy costs for FC-powered vehicles would be comparable to or better than battery or diesel powered
GSE, assuming the use of a factory-built, stationary, steam methane reformer to produce hydrogen from
natural gas at the airport.

o Work is underway to demonstrate the feasibility of these fuel cell vehicle concepts. Bus demonstrations
are well underway, and Tug Manufacturing has teamed with ZEVCO to work on an alkaline fuel cell baggage
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tractor. This joint venture has produced a prototype FC-powered M3 tractor and plans for production are
tentatively set for late 2000. Unfortunately, this project seems inhibited by their reliance on alkaline fuel cell
technology and Tugos unwillingness to consider the hydrogen refueling issue .

Cost Comparisons of Battery- and Hydrogen-Powered Ground Support Equipment

The cost of the power train for
the three classes of GSE (22'
shuttle bus, baggage tractor and
belt loader) will depend on the
production volume. 
Hydrogen-powered fuel cell
vehicles will cost much more
than battery-powered GSE
equipment initially, as shown
in Figure 1.  We have also
made estimates of the power
system in production volumes
of 10,000 units and 500,000
units as shown in the next two
figures. 
At the 10,000 production level,
we are projecting that the
power train for the range
extender fuel cell shuttle bus will
cost less than its battery
counterpart.  Fuel cell costs for
the baggage tractor and belt 
loader range extender versions
are also approaching the cost of
a similar battery system at the
10,000 production level.  For
very large (500,000) production
volume, both the pure fuel cell
system and the range extender
versions are less costly than a
battery powered system for all
three GSE vehicles, with the
shuttle bus showing much better
economics.
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However, the likely sales
volume of GSE alone
will not lead to these
types of production
levels within a
reasonable period of
time.   The total number
of GSE in the United
States is estimated at
only 50,000 vehicles. 
Assuming a 10%/year
turnover rate, and
assuming a 10%to 20%
market penetration in the
beginning for fuel cell
vehicles, then  industry
could only sell 500 to
1,000 vehicles per year.
 It would take a decade to reach the 10,000 cumulative production level where the range extender shuttle bus
would be competitive with battery-powered buses.

We conclude that other fuel cell vehicle markets will be needed to help reduce production costs and make
hydrogen-powered fuel cell GSE equipment cost competitive with other clean-vehicle options.
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I. Executive Summary

Background

Hydrogen has been proposed as a clean fuel for the future, both in vehicle and stationary
power (electric utility) applications. Two conversion technologies - fuel cells and
internal combustion engines - can make use of hydrogen fuel in the near term. In the
electric utility market, hydrogen-fueled technologies are likely to be used in distributed
generation applications, the fastest-growing segment of the generation market.
Significant market penetration of hydrogen-fueled generation would have a positive
impact on national air emissions.

Project Scope

The objective of this study is to evaluate the potential market penetration of hydrogen- 
fueled distributed generation and storage, and the resulting impacts on total air emissions
from all generation. Market potential is determined by comparing the total cost to meet
new load growth with distributed generation against the cost of the traditional utility
capital investment that would be required. Hydrogen-fueled distributed generation
technologies are compared with fossil-fueled technologies, and the impacts on the study
results of considering environmental penalties for air emissions are also examined. The
market model is used to evaluate results in the year 2002, both on a national basis, and
for the Southwest US region specifically.

Six peaking and six baseload distributed generation technologies were chosen, based on
their existing economic viability or their likely feasibility in the near future, and on their
ability to use either natural gas or hydrogen as fuel. The DUVal model was used to
estimate the likely market penetration of these technologies from a utility perspective,
based on a comparison between the annualized cost to a utility to own and operate a
distributed generation technology with the possible annualized benefits from the
technology. The net change in total air emissions can then be estimated from the mix of
central and distributed generation that results.-

Results

Hydrogen-fueled generator technologies, operating as peaking resources, have substantial
market potential, ranging from about 33% to 91% of potential market share, compared to
a range of about 45% - 98% for conventional natural gas-fired distributed generators.
When environmental penalties are applied, all hydrogen generators except one improve
market share, resulting in a range of 44% to 98%, compared to 52% - 99% for natural
gas.

In baseload applications, very few technologies have significant market potential unless
environmental externalities are considered; in the latter case, hydrogen-fueled turbines
and fuel cells have significant potential, while all conventional generators are cost-
effective for all new load.



In the Southwest US case, hydrogen-fueled distributed generation is slightly less cost-
effective in peaking applications, in general, than in the US as a whole, but still is very
competitive. As base load resources, hydrogen-fueled distributed generation is not cost-
effective at all (as in the national case) unless environmental penalties are considered, in
which case their market potential is similar to the US case, with the Advanced Turbine
System and the Phosphoric Acid fuel cell having significantly more positive results.

Conclusions

As peaking resources, distributed generation has substantial potential for use by utilities,
whether or not environmental penalties are applied. Even generators with high emissions
can be cost-effective, because of the few hours of operation involved, and also because of
low initial capital cost (e.g., Diesel engines and combustion turbines). If hydrogen is the
fuel of choice, the higher cost to supply this fuel negatively impacts the market potential
of peaking resources, but not to a great extent: hydrogen-fueled generators will still be
the lower-cost option relative to the grid in a significant percentage of cases.

Distributed generation does not appear to have significant market potential for baseload
applications, absent environmental penalties being applied; the existing central generation
fleet, with its relatively low costs of production and highly depreciated capital
investment, is difficult to beat. However, if environmental penalties are applied, some
hydrogen-fueled generators are competitive for substantial portions of the market,
particularly fuel cells, as are all fossil-fired distributed generators.



II. Introduction

Background

Hydrogen has been proposed as a clean fuel for the &m.n-e,  both in vehicle and stationary
power (electric utility) applications. Two conversion technologies - fuel cells and
internal combustion engines - can make use of hydrogen fuel in near term systems. In
the electric utility market, hydrogen-fueled technologies are most likely to be used in
“distributed utility” applications, the fastest-growing market segment for small to
moderate sized generation technologies, If hydrogen-fueled generators can move into
this market, it represents a dual opportunity: hydrogen can become a main-stream fuel,
and the acceptance of fuel cells and clean-burning engines in the power market can be
accelerated. Additionally, significant market penetration of hydrogen-fueled generation
would have a positive impact on national air emissions.

The concept of the Distributed Utility implies the use of relatively small, modular power
technologies that provide power and/or energy when and where needed (“distributed
resources”), rather than the traditional large, central station utility power plants. By
definition, distributed resources are connected to the electric utility’s distribution system,
but possibly off-grid as well. The term “distributed resources” is synonymous with
“distributed generation and storage” and may comprise one or more of the following:
electric, mechanical, or thermal energy generation, electric or thermal energy storage,
geographically targeted electric demand side management and/or energy efficiency [1].

Utilities can use distributed resources to delay, reduce, or eliminate the need for
additional generation, transmission, and distribution infrastructure. In other words, if a
utility can use a distributed resource to serve new customer loads, then the utility avoids
incurring costs associated with elements of its traditional “central generation and wires”
solution-the one that it would normally use if the distributed resource was not an
alternative. Utilities can also use distributed resources to market “value-added’ services
to specific areas within its service area or to specific customers. Such services might
include electric service with very high reliability or better than normal power quality.

In addition to utility use, energy customers may install distributed resources to reduce
overall energy costs (“bill management”), or to provide elements of electric service not
available from the utility, such as high electric service reliability, high quality power, or
heat. Also, due to deregulation and competitive trends in the electric utility industry, new
market players such as electric service providers (ESPs) are entering territories once
considered the exclusive domain of utilities. These ESPs are offering services to
customers in direct competition with traditional utilities; distributed resources can be an
important facet of ESPs' competitive offerings.

Given those premises and emerging trends in the electricity marketplace, there are strong
indications utilities, their customers and their competitors (e.g., ESPs) may use
distributed resources to reduce cost and/or to expand services. If so, there are potentially
significant implications for hydrogen-fueled generation and storage technologies in the

 .  



distributed resources market, and for the resulting total air emissions from electric power
generation.

Objectives

The objective of this analysis is to determine the economic market potential for
hydrogen-fueled generation and storage in the distributed utility market. This
information can be of great value to commercial developers of hydrogen and hydrogen-
fueled technologies, and also to research and development organizations.

A comparison with market potential for other distributed utility technologies (not fueled
by hydrogen) is also valuable, particularly in regard to price and performance targets. To
that end, hydrogen-fueled technologies are compared, as closely as possible, with
technologies utilizing natural gas and Diesel fuel.

Another objective is to consider the potential air emissions implications in the U.S. due to
market penetration of distributed generation fueled by hydrogen. That is done, in part, by
estimating air emission impacts given economically viable market penetration of various
distributed generation alternatives. A distributed generator’s energy production cost
affects the economic market potential for that type of device. That economic market
potential for each type of distributed generator, in turn, affects the mix of generation -
central and distributed - and thus total emissions from all generation.

A related objective of this study is to estimate the effects on economic market potential
and air emissions from adding economic penalties associated with air emissions to the
electric generation production cost, for central and distributed generation alike. The key
effect of interest is the degree to which adding these environmental “externalities” to the
cost for all types of generation increases or decreases the economic market potential for
various distributed generation technologies. That, in turn, would also affect the total
amount of air pollution from all generation, as described above.

Finally, hydrogen-based storage systems are evaluated to determine their application
potential as distributed resources, and their resultant utility and customer benefits

Evaluation Scope

For this study Distributed Utility Associates (DUA) evaluated the merits of the use of
distributed generation by electric utilities to meet the challenges of the new energy
marketplace. The evaluation process involved a quantitative, cost-based analysis of the
“economic market potential”’ for use of distributed generation (compared to the
conventional central/grid based alternative), by utilities, including the impacts of relevant
customer factors such as cogeneration and local reliability.

’1 Economic market potential is the portion of all increase in electric load (“load growth”),
within the region or area being considered, that could be served most economically by a
distributed generator (i.e., the portion of added load for which a distributed generator is
the lowest cost option).



Distributed Generation Technologies Evaluated

There are literally hundreds of distributed generator systems that could be evaluated.
Most of them will be distributed generators that convert liquid or gaseous fuel (usually
Diesel fuel or natural gas) into electricity. The most common types of distributed
generators are combustion turbines, internal combustion piston-driven engines, and fuel
cells. All baseload distributed generators evaluated for this study are assumed to be
capable of providing thermal energy via combined heat and power (irrespective of the
economic merit of doing so).

For the record, the generation category of distributed resources also includes those that
generate using renewable energy inputs, such as wind turbines and photovoltaics, though
these alternatives are not within the scope of this study.

The distributed generation technologies evaluated in this study were either:
. judged by DUA to be commercially viable, reliable and serviceable, currently or

within the next two years, or
. “emerging” small power generation options (e.g., fuel cells) with great promise as

clean electricity sources, using renewable fuel (i.e., hydrogen).

Six peaking and six baseload distributed generation technologies were evaluated, for use
with natural gas and hydrogen fuels. Their costs and heat rates are summarized in Table
1 (please see Appendix 1 for cost and performance details). Note that for baseload
distributed generators the incremental cost associated with adding equipment needed for
combined heat and power (CHP) is assumed to be $250 per kW.  The extra cost is mostly
for piping, heat exchangers, and engineering associated with gathering, moving, and
storing waste heat from operation of the prime mover.

Environmental Externalities

Emission penalties for central generation are shown in Table 2. Emission penalties for
the distributed generators burning fossil fuels are shown in Table 3. When distributed
generators burn hydrogen, the SO, CO and VOC numbers go to zero. Central (utility)
peaking resources are penalized about 3.956¢ per kWh delivered (i.e., accounting for
transmission and distribution line losses) [3].

For peaking distributed generators the penalty ranges from about 2.3¢/kWh  for the
combustion turbine and Advanced Turbine System (ATS), to 8.25¢/kWh for Diesel
engine generators with their high NOx output. Baseload distributed generators’ emissions
result in penalties that are much lower than those from peaking distributed generators or
from central generation. This is due to their relatively high efficiency and low emissions,
especially hydrogen fueled fuel cells.

Evaluation Methodology

This quantitative estimate of economic market potential is based solely on economic
criteria that electric utility planners and engineers would use to evaluate costs and
benefits associated with use of distributed generators. This is done because utilities are,





Table 3. Distributed Generation Emission Penalties

in general, the most likely parties to have the clear financial incentive to use distributed
generators (i.e., to reduce cost), the engineering resources required to evaluate and design
distributed generation systems, and (perhaps most important) the sources of capital for
distributed generation projects. Non-utility stakeholders that would install distributed
resources would do so in response to prices that, to one extent or another and for the
foreseeable future, will reflect utility cost.

The DUVal model developed by DUA and employed for this study uses a statistical
methodology. Utility avoided costs resulting from the use of distributed generation rather
than central generation vary widely among utilities and even within a given utility’s
service territory: some locations are inexpensive to serve and others can be quite
expensive. These costs are modeled in DUVal as statistical distributions referred to as
“value mountains,” due to their characteristic shape. The cost to implement a distributed
generation option is compared to the avoided cost value mountain. Locations that are
more expensive to serve with central generation than with the distributed technology
being analyzed represent the potential market for that technology (expressed in per cent).

Utility cost-of-ownership for distributed resources includes net cost incurred to own and
operate the distributed generator. Key elements are purchase price, installation,
financing, depreciation, taxes, fuel and maintenance costs, periodic overhauls, and
insurance.



Utility benefits associated with use of the distributed generator are utility/grid-related
costs that will not be incurred by the utility (i.e.; are an “avoided cost”) if the distributed
generator is used in lieu of the central/grid solution - This assumes that the distributed
generator can provide the same or better service reliability and quality. In other words,
for the utility, the benefit associated with use of a distributed generator is the avoided cost
for otherwise needed fuel, O&M, and overhead expenses and generation, transmission,
and distribution capacity (equipment) costs. Even if a project is deferred rather than
avoided altogether, the time value of money often makes it worthwhile to use a
temporary, redeployable, modular, and less financially risky distributed generation option
rather than a more typical grid upgrade.

The maximum potential size of the market for distributed generation is assumed to be
proportional to the load growth2 in units of MW. Note again: No “embedded” load is
considered - only annual increases in total load (load growth).

The estimate is performed for the year 2002. However, the estimate is assumed to be
indicative of economic market potential for the years 2000 - 2004.

Quantitative economic market potential estimates are made for both peaking and
baseload operation modes; for each mode, evaluations are made for distributed generation
sited at substation and feeder locations (i.e., at or near loads).

Operational Modes - Peaking and Baseload

To serve as a peaking resource, a distributed generator must reduce utility infrastructure
capacity needs. That, in turn, requires distributed generation to be operational during the
utility’s peak demand hours. Utility peak demand hours are the 100 - 200 hours during
the year when demand for electricity is highest. The level of power draw on the utility
system from all customers during those times dictates the required maximum capacity of
the utility’s generation system.

This concept is important for the analysis because the degree to which a distributed
generator allows the utility to avoid procurement of additional capacity indicates the
“capacity benefit” associated with distributed generation. Stated another way, to the
extent that distributed generators operate so they offset the need for new/upgraded utility
electric grid capacity, they receive a capacity credit commensurate with the amount of
otherwise needed utility generation, transmission, and/or distribution equipment
(capacity, infrastructure). Note that because peaking distributed generators operate for so
few hours per year their total variable operating costs are not very significant in the
evaluation, compared to their capital costs.

Baseload  distributed generators operate for thousands of “full load equivalent” hours per
year, in this case about 4700 hours. They receive the capacity credit described above if 

2 Because embedded load was not included (i.e., distributed generation is not used to
replace existing capacity needs such as replacing old equipment), economic market
estimates may be significantly understated.



they generate during the utility’s peak demand hours. But, for baseload distributed
generators, it is usually more important to consider their cost-of-production for electric or
thermal energy. Because they operate for many hours per year they must compete on an
energy cost basis, rather than a capacity cost basis as is used for peaking units. The
competition is usually lower-cost commodity electricity from the wholesale electric
marketplace dominated by large generation facilities with economies of scale and
generally low incremental cost of production. Therefore, installed capital cost and cost-
of-production are both key criteria driving a baseload distributed generator’s economic
competitiveness. In turn, a baseload distributed generator’s net cost-of-production is
driven by fuel efficiency, fuel price, variable operations and maintenance costs for the
particular distributed generator, and the degree to which waste heat can be sold for
cogeneration.

Location Tvnes  - Substation and Feeder

As depicted graphically in Figure 1 below, DUVal evaluates distributed generators at two
location types: at a utility substation, and on a distribution feeder at or near a customer’s
site.

at sub at feeder

Fuel I---)- G

Figure 1. DUVal  Evaluation Nodes

Several factors distinguish these two types of locations. Because most electric service
outages occur between the substation and the load, a distributed generator sited at the
substation does not receive as substantial a credit for reliability increases as does a
distributed generator located on the feeder or at the customer’s site. Distributed
generators at substations do not defer the need for a feeder and thus do not receive an
avoided cost credit for the cost of a feeder. Distributed generators at the substation are
assumed to be larger and to qualify for purchase of gas at a wholesale/power plant
procurement price; distributed generators on the feeder are assumed to use gas whose
prices are higher because purchases are at a lower volume, “retail” level. An implicit
assumption is that the required fuel type and distribution infrastructure are available at all
sites considered.

Effects of Environmental Externalities

To capture the effects of air emissions on the relative competitiveness and attractiveness
of distributed generation options, the evaluation includes economic market estimates
without and with monetized values for environmental externalities associated with air
emissions. In other words, distributed generation options are first evaluated for economic



competitiveness without penalties imposed for air emissions. Then, economic market
potential is estimated given an economic value (or in effect a penalty) assigned to each
unit of pollution for six types of air emissions from distributed generators (see
Assumptions section, below). Those penalties (expressed as $ per unit of pollution) are
applied to emissions from both distributed generators and central generators. Distributed
generators are then compared to the central/grid solution, given the traditional equipment,
fuel and operation costs plus the monetized externalities, i.e., the economic value/penalty
ascribed to air emissions.

Combined Heat and Power Oneration

Most distributed generators can provide useful and valuable thermal energy if “waste”
heat from their operation is captured for processes or for space conditioning--a process
called combined heat and power (CHP). For customers that use a lot of heat--especially
industrial, institutional, and agricultural operations-CHP can improve the economics of
specific distributed generation projects, and it can reduce a facility’s overall cost of
energy considerably. DUA estimates that 15% of new load could use CHP.

Hvdroaen Fueled Distributed Generators
The market potential evaluation described above was performed first for hydrogen fueled
distributed generators, then again for fossil-fueled distributed generators for comparison
purposes. For this study, hydrogen is assumed to be produced by large scale facilities
with economies of scale and therefore reflects an optimistic price. Please see the
Appendix for details of hydrogen price assumptions.

For the most part there are no significant technological changes required for distributed
generators to use hydrogen rather than fossil fuel. Turbines are assumed to require some
modest modifications, especially to combustors. Engines require modifications to
subsystems or components such as fuel injection and seals. Fuel efficiency, NOx

emissions, and CO2  emissions are assumed to be similar for natural gas and for hydrogen
operation.

Fuel for Distributed Generators

In this report, the following assumptions apply to the fuels used in the various types of
distributed generators:

l Hydrogen fuel is produced off-site (i.e., piped in from production facilities and
not produced by reformer at the distributed generator site); cost assumed is
$8/MMBtu

l Diesel engines - Diesel fuel (at a cost of $4.24/MMBtu).
l Dual Fuel Engines - Combination of natural gas and a small fraction of Diesel

fuel.
l Microturbine, combustion turbine, Advanced Turbine System (ATS), spark gas

engine, phosphoric acid fuel cell, proton exchange membrane (PEM) fuel cell,
and solid oxide fuel cell - Natural gas or hydrogen.

l Natural gas at substation locations assumes supply from facilities with economies
of scale; cost assumed is $3MM/Btu.



l Natural gas at feeder locations assumes higher infrastructure and delivery cost
without economies of scale in production or supply; cost assumed is
$5.6O/MMBtu.

Southwest United States

The evaluation of market potential for hydrogen-fueled technologies was performed
separately for the special case of the Southwest United States, with its particular
parameters of utility cost, hydrogen fuel supply and technology costs.



III. Economic Market Potential and Emissions Impacts of Distributed
Generation

In this section, the economic market potential of hydrogen-fueled distributed generators
is evaluated in the year 2002 for both peak load and base load operation modes. We also
consider the effects of applying environmental penalties for air emissions, and compare
to results for conventional fossil-fueled generators.

Utility Peaking Mode Distributed Generation Operation

Tables 4 - 7 contain the results of the evaluations for distributed generators operated as
peaking resources. When considering these results, recall that peaking distributed
generators operate during the utility’s peak demand hours: the 100 - 200 hours during the
year when demand for electricity is highest. This is done primarily to avoid the need for
additional utility equipment or infrastructure (i.e., capacity) and related costs.

Tables 4 and 5 contain results for hydrogen-fueled peaking distributed generators without
environmental penalties applied and with environmental penalties applied, respectively.
Similarly, Tables 6 and 7 provide results for fossil-fueled peaking distributed generators,
without and with environmental penalties considered, respectively.

In each table, the first column represents the estimated market potential in percent of the
total possible market, (i.e., load growth), which is estimated to be 21,500 MW (21.5 GW)
in 2002. Subsequent columns list emissions values in thousands of tons. Each table’s
first row shows emissions that would occur if central generation only  is used to meet new
electric load. Subsequent rows in the tables show the resulting total air emissions that
would be emitted from allgeneration used to meet new load; i.e., total air emissions from
the given distributed generator at the level of estimated economic market penetration plus
emissions from central generation resources used to meet the portion of the new demand
for which the given distributed generator is not economically viable.

The overall air emission impacts associated with use of peaking distributed generators, in
terms of quantities of emissions products, is relatively small, due to the relatively few
hours per year of operation associated with peaking units.

Peaking Distributed Generators-Hvdroaen Fueled

Tables 4 and 5 contain results for central generation, and for distributed generators fueled
by hydrogen, used in peaking mode. Table 4 shows economic market share estimates and
resulting air emissions assuming nopenalties areapplied for environmental externalities:
the lowest market potential is 33% for the combustion turbine, while the spark gas engine
is cost-competitive for over 90% of new load. Table 5 shows economic market share
estimates and resulting air emissions assuming environmental penalties are applied; all
technologies have higher estimated market potential than for the non-environmetal
penalties case (compare Table 5 with Table 4),  except for the Diesel engine, which loses
about 14 percentage points of potential market share.



Table 5. Peak Load Central and Hydrogen-Fueled Distributed Generation:
Market Potential and Air Emissions, With Environmental Penalties

Peaking Distributed Generators-Natural Gas Fueled

Tables 6 and 7 contain results for central generation, and for distributed generators fueled
by natural gas, used in peaking mode. Table 6 shows economic market share estimates
and resulting air emissions assuming no penalties areapplied for environmental
externalities, and Table 7 shows economic market share estimates and resulting air
emissions assuming environmental penalties are applied.

Comparing the results in Table 6 with the results in Table 4 shows that, without
considering externalities from air emissions, using hydrogen fuel in place of natural gas
negatively impacts the market potential of all peaking distributed generator technologies,
albeit to varying degrees. Diesel engines’ market potential drops the most, by about 30
points, to 68.5%. Spark gas engines drop about 7%,  but are still cost-effective for almost
91% of the market. Conventional combustion turbines have the smallest potential, at
about 33% of the market.



Table 7. Peak Load Central and Natural Gas-Fueled Distributed Generation:
Market Potential and Air Emissions, With Environmental Penalties

Second, all hydrogen-fueled technologies have lower estimated market potential than
their natural gas-fired counterparts, to varying degrees (compare Table 7 to Table 5).
Microturbines and conventional combustion turbines lose about 22 and 18 percentage
points, respectively, and the Diesel engine loses about 14.5 points, of potential market
share. Dual fuel engines, ATSs,  and spark gas engines drop only slightly.

Utility Baseload Mode Distributed Generation Operation

The estimated economic market potential for base load distributed generators is given in
Tables 8 through 11. Again there are a pair of tables for hydrogen-dueled  generators,
without and with environmental externalities applied, and a similar pair of tables for
natural gas-fueled generators. Values in the first data column are the estimates of
potential market share for each distributed generator type, in percent of the total (21.5
GW in 2002). Subsequent columns provide data on resulting total air emissions for the
central/distributed generation mix, in thousands of tons.

As a brief review: Baseload distributed generators operate during the utility’s load
hours-in this evaluation the 4,774 “full load equivalent” hours during the year when



virtually all demand for energy occurs. They are deployed for one or both of two primary
benefits:

1 ) To allow the utility to avoid costs related to adding utility generation,
transmission, or distribution equipment/infrastructure (i.e., capacity), and

2 ) To provide cost-competitive energy-primarily electric energy but possibly
including mechanical and thermal energy-resulting in reduced overall cost-
of-service, and possibly reduced net fuel use and net air emissions.

For the evaluation, 15% of load was assumed to be coincident with thermal loads such
that a distributed generator with combined heat and power (CHP) could serve electric and
thermal loads. All baseload distributed generators were allowed to serve that market.
CHP can only occur at feeder locations-where demand and thermal loads are.
These results indicate how baseload distributed generators’ costs compare with the spread
of total cost-of-service throughout the utility service area-the cost to meet new load by
making necessary additions to the utility infrastructure.

Baseload  Distributed Generators - Hydrogen Fueled

Hydrogen-fueled distributed generators, without considering environmental externalities,
are not cost-effective across the board when used in baseload application (Table 8).

Table 9 shows that applying environmental externalities to hydrogen-fueled baseload
distributed generators raises market shares from zero to very significant amounts; the
lone exception being the Diesel engine, which is still not cost-effective at all. Both the
PEM and Solid Oxide tie1  cells are cost-effective for all the new load.

Table 8. Base Load Central and Hydrogen-Fueled Distributed Generation:
Market Potential and Air Emissions, No Environmental Penalties



Table 9. Base Load Central and Hydrogen-Fueled Distributed Generation Market
Potential and Air Emissions, With Environmental Penalties

Baseload  Distributed Generators - Natural Gas Fueled

Tables 10 and 11 contain results for fossil-fired generation operated as baseload resources
in 2002, without and with economic penalties for air emissions, respectively. The
Advanced Turbine System (ATS) is the most attractive natural gas fired baseload
distributed generator option (see Table 10): it is less expensive than the utility grid option
for about 62% of load growth. Microturbines are cost-effective for about 13% of new
load, and combustion turbines could address about 4% of new load cost-effectively
(almost all instances involving cogen). Proton Exchange Membrane (PEM) and Solid
Oxide fuel cells operating on $WMMBtu  hydrogen fuel would compete economically for
only about 0.1% of the market. Phosphoric Acid fuel cells operating on natural gas are
not cost effective for any of the market.

Table 10. Base Load Central and Natural Gas-Fueled Distributed Generation:
Market Potential and Air Emissions, No Environmental Penalties



Table 11. Base Load Central and Natural Gas-Fueled Distributed Generation:
Market Potential and Air Emissions, With Environmental Penalties

When environmental externalities are applied, &l natural gas-fueled distributed
generators are cost-effective for &l new load when operated in base load mode (see Table
11). This is a dramatic reversal of the aforementioned case with no environmental
penalties, when only the ATS had a significant market potential (Table 10).

Utilitv Baseload  Distributed Generators - Observations
If environmental externalities associated with air emissions are monetized and then
applied as a penalty for several thousand hours of operation per year, then the distributed
generators evaluated would have a significant economic advantage. Even fuel cells
fueled with very expensive hydrogen fuel  - at about $S/million  BTU - are economically
competitive. A key driver of this result is the fact that state-of-the-art and emerging small
generator technologies can and often do emit fewer air pollutants per kWh produced than
do “average” or even many new central power plants. It is also driven to a small extent
by the transmission and distribution line losses associated with central power plants,
which must produce more kWh than distributed generators per kWh delivered to
compensate for those losses.

Note that baseload distributed generators tend to be deployed at substation locations.
That is due to the fact that natural gas price is assumed to be significantly higher for
feeder locations than for substation locations, for a variety of reasons. Note also that the
fuel price advantage at substation locations can be offset, to some degree, by the fact that
distributed generators located at substation locations are farther from loads than feeder
distributed generators (i.e., they are upstream from  most outages) and thus they provide
much less of a benefit due to reliability improvement. The one important exception to the
fuel cost advantage is when distributed generators are used in combined heat and power
(CHP) applications.

The following caveats are important to keep in mind when considering the results for
baseload generators:



l Peaking and baseload distributed generators were both evaluated as solutions for the
same “market” - all of the forecast electric load growth. In reality, of course, these
are very different applications or market segments with very different needs and
decision drivers. Peaking units primarily offset expenditures for fixed capital
equipment; baseload distributed generators are used because they result in
both reduced need for capital equipment (upstream to bolster the electric grid) and
lower overall energy production cost, usually due to lower variable maintenance costs
and/or lower fuel cost per kWh produced than for grid-based electricity. Also note
that, at some point, these two market segments will begin to overlap.

l Market shares are estimated without regard to substitutes. In actuality distributed
generators would have to compete against other distributed generators as well as the
grid.

l Dual fuelled  engines are the lowest cost baseload distributed generation option, and
therefore are cost-effective for many circumstances.  However, significant deployment   
of these engines may be problematic because of air emissions, especially NOx.

l Natural gas fuel is assumed for all baseload generation options except PEM and Solid
Oxide fuel cells, whose fuel is hydrogen. In addition, the Solid Oxide fuel cell is
assumed to have a Diesel engine component.

l For gas fired options, market share values may be reduced based on the availability of
natural gas fuel.

l Results reflect a 15% chance that the feeder location can use heat from combined heat
and power, and that the heat is worth the price that would have been paid to generate
the heat with natural gas.

Hydrogen Fueled Distributed Generation in the Southwestern United States

Enerav  Marketplace Overview

In general terms, the energy marketplace in the Southwestern United States is
characterized by somewhat lower costs for new transmission and distribution capacity
than the U.S. as a whole, probably due to population distribution patterns and densities.

The Southwest has somewhat higher electric energy generation cost (i.e., incremental
cost for each kilowatt-hour) than the U.S. This is due primarily to the relatively small
proportion of coal in the region’s generation fuel mix, and also possibly due to higher
wages paid to workers performing variable operations and maintenance tasks.

T&D line losses are somewhat higher for the region because ambient annual average
temperatures are higher and because of significant air conditioning loads on-peak.















IV. Conclusions

It seems clear from the results of this study that distributed generation has significant
economic potential, and could be a valuable part of an overall strategy to reduce
greenhouse gases and other air emissions. It is also apparent that hydrogen fueled
technologies can have significant market potential, even though they are not quite as cost-

 effective as fossil fueled alternatives. The challenge is to maximize the potential positive
air emission impacts while capturing the economic benefits of distributed generation.

Peaking Distributed Generators

Economic market estimates for peaking distributed generators used by utilities show that
small distributed generation has significant potential to reduce utility capital equipment
cost and thus overall service cost, whether or not penalties for air emissions are applied.
This is true even for the distributed generator option with the most significant
emissions-Diesel engines-whose environmental penalty was more than 86  per kWh.
Other distributed generator options are even more cost-effective.

Tables 4 through 7 in Section III show that hydrogen fueled technologies can also be
cost-effective for a significant percentage of new load in peaking applications,
particularly when penalties for air emissions are factored into the equation. The market
potential for these technologies will depend to some extent on the costs of supplying the
hydrogen fuel. For some technologies, such as the Advanced Turbine System, dual fuel
engine, and spark gas engine, the difference in cost between using natural gas versus
hydrogen for these technologies does not result in a large difference in overall cost-
effectiveness. For others, such as the Diesel engine, microturbine, and combustion
turbine, the difference is much more significant.

In many cases, Diesel engines and other distributed generation alternatives have a low
initial cost relative to many grid-based solutions involving central generation and “wires”
(transmission and distribution) systems; initial cost can be the most significant factor in
the evaluation of cost-effectiveness. Qualitatively, engines offer an increasingly
important way for utilities to reduce risk associated with more permanent grid-based
solutions in times of growing uncertainty in the utility marketplace. Furthermore,
because peaking distributed generators only operate for a few hundred hours per year,
they do not emit a significant amount of air pollutants, in total.

Given that result, it seems that the use of distributed generators for utility peak load
applications is likely to have a somewhat important economic impact without a
significant air emission impact overall, negative or positive.

Similarly, utility customers may be in a position to use peaking distributed generators to
avoid increasingly common peak demand charges. Increasingly, as utilities are forced to
unbundle their total cost for electricity into fixed and variable components-e.g. for
generation, transmission, and distribution equipment, and for fuel-fixed costs associated
generation, transmission and distribution equipment are showing up as components of



utility charges, called demand charges. However, note that utility peak demand charges
typically apply for 650 - 1300 hours per year. That means that a customer must operate
the peaking distributed generator for that many hours per year to receive a full demand
charge reduction.

Another driver of customer use of peaking distributed generators is improvement of
service reliability. If utility customers provide high-value-added products and/or
services, then they may want to install distributed generators to improve the reliability of
the electric service beyond levels of reliability that a utility can or will offer. That may
be the most compelling reason of all for specific customers to install peaking distributed
generators. If reliability-related benefits are coupled with a credit for peak electric
demand reduction (from the utility), then distributed generators may be real economic
winners for customers.

Baseload Distributed Generators

Economic market estimates for baseload distributed generators have significant potential
to reduce overall electricity cost and air emissions. However, in most circumstances
central grid electricity seems likely to be competitive with electricity from most types of
distributed generators, possibly for the next decade. This is primarily due to two factors:
1) a maturing central generation fleet with relatively low financial carrying costs, and
2) low incremental production cost for electric energy from nuclear, hydro, coal fueled,
and more modern and efficient combustion turbine-based power plants.

Recall that for distributed generators to be cost-effective baseload resources for utilities,
the distributed generators’ total benefit usually must include both reduced need for
expensive generation, transmission and distribution upgrades, and lower overall energy
production cost over many hours per year. However, as noted before, usually the electric
grid provides lower cost electric energy than most baseload distributed generators can
generate.

This is indicated by the results in Tables 8 and 10 in Section III. Except for the
Advanced Turbine System (ATS), with its combination of low cost and high efficiency,
no other baseload distributed generator option that was considered could compete, except
for a conventional combustion turbine with a marginal market share. Hydrogen fueled
generators were not competitive at all, owing mostly to high fuel costs coming into play
with the higher number of hours of operation per year.

But, because some distributed generators have lower emissions per kWh than the central
generation mix, they begin to develop a substantial economic advantage when
environmental externalities are applied to baseload operation. In fact, the economic
market potential of natural gas fired distributed generation is virtually 100% for baseload
applications in 2002 (Table 9),  and for some hydrogen fueled technologies (i.e., fuel
cells) it is very good (Table 11).



Air Emissions

Beyond the economic advantage offered by distributed generators, the potential to reduce
air emissions is dramatic. Most notably, if externalities were applied:
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J

CO2  emissions from generation needed to meet new demand for electricity could be
reduced by as much as 40% in peaking applications, and 45% in baseload
applications.

NOx emissions from new generation could be reduced by about 30% if advanced
combustion turbines were deployed instead of the conventional central generation
assumed, and NOx emissions could even be eliminated from new sources if the entire
fleet of new generation was composed of fuel cells with competitive economics,
including those fueled by hydrogen.

Particulate emissions would also be virtually eliminated if distributed generators were
deployed in lieu of central generation having a large coal component.

In addition, it is estimated that about 15% of new load would have sufficient thermal load
to support combined heat and power applications. Therefore, air emissions could be
further reduced because the waste heat recuperated from the CHP plant translates into
fuel that does not have to be burned to supply the heat.







Hydrogen Fuel Prices

Projecting hydrogen fuel prices is a problem given the present state of hydrogen
production, transportation, and delivery infrastructure, and given the fact that at present
there is virtually no market for hydrogen as a fuel. Based on the most recent estimates of
hydrogen fuel production costs and assuming production and delivery scale-up, a price of
$8/MMBtu  delivered is assumed for this study (see above).

Cogeneration Cost and Value

Waste heat recaptured for use is assumed to be valued at the fuel cost not incurred, based
on the aforementioned retail price of gas. It is assumed that if no waste heat from
generation were available then natural gas would be burned in an 80% efficient boiler to
create the equivalent heat. The cost of that gas is the benefit associated with combined
heat and power. As noted above, the incremental cost associated with adding CHP
capability to a distributed generator is assumed to be $250 per kW.

Utility Operational and Avoided Cost Assumptions

Many of the assumptions (or underlying data used to derive assumptions) used for this
study are shown in the table at the end of this section.

Load and Load Growth

Based on load data and projected load growth rate, total US load is assumed to be
780,000 MW in 1998. If escalated at 2.5%/year for 1999 - 2002 load will be about
882,000 MW by the end of 2002, and the load growth at 2.5% being 21,500 MW in 2002.

Peak Load Hours

For this study peak demand hours are defined as a typical summer peaking utility’s
highest 200 load hours. The significance is that a DR is assumed to provide “peaking
service” if it can generate during those 200 hours.

Generation Capacity Cost

Generation capacity avoided costs assumed for the analysis are shown in Table A-3. The
peaking resources reflect a range of costs from refurbishment/repowering of an existing
peaker to purchase of low cost, inefficient additional combustion turbines - possibly used
equipment -to be used for peaking only. The baseload capacity values reflect a range of
new combustion turbine based combined cycle plants to new clean coal boiler-based
power plants. A triangular probability distribution for these costs is assumed.

Transmission and Distribution Canacitv Cost

Based on proprietary information used by DUA, a U.S. average of $27.5O/kW-year cost
was assumed for distribution capacity needed to serve new electric load. $9.1 O/kW-year
is assumed as the average cost for transmission capacity needed to serve new load. Also
based on information proprietary to DUA, a statistical distribution is developed for these
costs.
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HYDROGEN CLUSTER COUNCIL (H2CC )

Jay Keller
Sandia National Laboratories

Livermore, CA 94551-0969

Abstract

The widespread use and acceptance of hydrogen is being advanced through the efforts of
the "Hydrogen Cluster Council," or H2CC.  This group includes an expanding list of
companies and communities that use the H2CC  as a forum to discuss common issues and
develop solutions to promote the use of hydrogen.  As hydrogen use grows throughout
the country in localized "clusters," the H2CC  is being used as a forum to discuss issues
between clusters and regions of the country.

Background

The rationale behind this program is the need to catalyze and assist regional efforts to
establish and maintain hydrogen clusters that advance the use of hydrogen energy
technologies.  The H2CC  is organized around Regional Hydrogen Cluster Working
Groups that are created in each local region that wishes to develop a Hydrogen Cluster.
The structure of each regional group consists of stakeholders based regional needs and
resources.  This includes: industrial partners, local municipalities, local funding agencies,
regional political and environmental interests.

The H2CC  consists of representation from Regional Hydrogen Cluster Working Groups
relevant federal funding agencies (e.g. DOE, DOD, NASA, and DOT), the Hydrogen
Technical Advisory Panel and Members at large, including Academia, Professional
Organizations (NHA, etc.).  It operates under the guidance of an executive committee
whose members are currently Jay Keller, Peter Lehman, Susan Naughton, Bill Summers
and George Thomas.



The objectives of the H2CC are to facilitate a national effort to create an infrastructure
for hydrogen energy utilization.  This is being done by providing a mechanism to link
regional efforts as part of a coordinated national effort to create a hydrogen energy
infrastructure.  A benefit of these activities is that then ensure that the Hydrogen Clusters
activity receives exposure on a national scale.

The H2CC  meets twice a year - typically in the spring (near the NHA/HTAP spring
meeting) and fall (near the HTAP meeting).  Our current e-mail list is in excess of 200
and growing.

This Year's Activities

This year's fall meeting was held in December in conjunction with the HTAP meeting.
The minutes of that meeting are posted on the NHA web site.  In addition, to normal
H2CC  business, a Cluster Implementation Subcommittee was commissioned to draft
guidelines for potential sites to be identified as bona fide clusters.  This subcommittee has
met twice and will present draft guidelines to the membership at our spring meeting held
in conjunction with the annual review (May 7, 1999).

There are also three new transportation demonstration activities in California creating
new cluster activities: UC Davis, the City of Chula Vista (potential new H2CC
members), and Sunline Transit Authority (currently attending H2CC meetings).  These
new activities along with those underway in Las Vegas form new clusters and that may in
the future be defined as a new hydrogen cluster.

Future Work

We expect to develop a number of bona fide cluster activities nation-wide that will
promote the development of a hydrogen infrastructure.  It is crucial to note that the DOE
is providing some support and leadership to this activities but cannot be expected to fund
all of the activities necessary for the H2CC  to be successful.  The DOE only acts as a
catalyst for this work.  The regional working groups are strongly encouraged to seek
funding beyond the DOE to support the growth of the cluster.  Many successful activities
are emerging.  Probably the most successful to date are the new transportation activities
in California which are receiving most of their funds from a DOT earmark.



Figure 1.  Location of hydrogen clusters (*) and potential hydrogen clusters (O).
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HYDROGEN EDUCATION OUTREACH

Mary-Rose Szoka-Valladares
M.R.S. Enterprises

P.O. Box 30452
Bethesda, MD 20814

 Abstract

The objective of the Hydrogen Education Outreach effort is to educate students and
teachers about the properties and benefits of hydrogen, its technology applications and
potential as a fuel and energy carrier.  To date, the primary target market for this
activity has been secondary school students, although the ultimate range of audiences
includes kindergarten thru college.  Informal education for non-technical students of all
ages is likewise a part of the Education Outreach mandate.  There have been two main
types of Education Outreach activities: instructional materials and live science shows.

A formal curriculum entitled The Clean Corridor Curriculum, has been prepared for use
in high school chemistry classes.  Now in the field test phase, the curriculum will be
revised during a summer workshop preparatory to any additional field-testing and
distribution through appropriate marketing channels.  From that first curriculum, a
middle school version will also be produced.  This summer=s workshop is expected to
develop a first cut, though not a complete version of the middle school product.

The live science shows have been built around The Dr. Bob Show, now the centerpiece
of the Secondary School Invitational and the focus of live on-school site science
programs.  These shows were filmed this year.  They are expected to yield the
beginning of a suite of film products that will support the instructional materials and
complement other EERE outreach activities while supplementing its video library. 
Further work with film professionals will occur in FY2000 and beyond.

The fun in Hydrogen Education Outreach has only  just begun.



Objective

The Hydrogen Program has for some time included education outreach in its portfolio. 
The objective of the Hydrogen Education Outreach effort is to educate students and
teachers about the properties and benefits of hydrogen, its technology applications and
potential as a fuel and energy carrier.  The target market for this activity is secondary
school students and teachers.  However, the broader audience for this activity ranges
from kindergarten through college and beyond to include informal education for non-
technical audiences of all ages.

 Technical Goals

The technical goals of Hydrogen Education Outreach are twofold:

#1 to develop and disseminate instructional materials and educational tools,
including audio-visual materials such as videos and video-clips that are

consistent with the contemporary Ainquiry-based@ pedagogy and practice of
science education;
amenable to distribution through proven and promising marketing channels.

#2 to produce live science education shows to inform and educate target
audiences.

All discussion of past results, current activities and future plans will reflect these two
technical goals.

 Past Results

Although the Hydrogen Program has placed great emphasis on development and
dissemination of instructional materials, the work actually began with a live science
show -- The Dr. Bob Show.  It is therefore appropriate to begin the story with the
second technical goal, namely,  to produce live science education shows to inform and
educate target audiences.   The order of consideration of the technical goals will shift
from section to section within this paper on Hydrogen Education Outreach depending
on the logic and significance of each goal to that period=s activities.

Live Science Education Shows

Inspired by the experience of lifetime professional educator Dr. Robert Reeves,
Professor Emeritus at Rensselaer Polytechnic Institute (RPI), the DOE Hydrogen
Program created the Dr. Bob Show.    The show, designed to teach students about the
promise of a hydrogen future, originated as part of the National Hydrogen Association
Conference, an established outreach opportunity.  The Dr. Bob Show quickly became
the centerpiece of an annual seminar called the Secondary School Invitational.  This



year, the 10th year anniversary for the National Hydrogen Association Annual
Conference, marked the third annual Secondary School Invitational.

The Secondary School Invitational and The Dr. Bob Show

Built around the Dr. Bob Show, the Secondary School Invitational incorporates the
annual conference theme to educate and entertain secondary school audiences about
hydrogen and the global environmental condition.   The morning features the Dr. Bob
Show; the afternoon offers hands-on opportunities to experience live science, some of
it Dr. Bob style.  Special events, such as last year=s live debate on renewable energy
that celebrated the selection of renewable energy issues as the 1997-98 academic
year national forensic topic,  are regularly included.  After thorough exposure to the
delight of science experimentation, the afternoon typically concludes with a career
panel, Career Opportunities of a Lifetime: COOL.   This forum introduces students to
real live science and engineering professionals.  The panelists, at various stages of
their careers, explore the rewards and requirements of possible technical career paths.
 Awards and closing follow. 

Production of this live show has expanded to non-NHA school locations.   On-site
productions have added a different dimension to the science show experience.  This
year=s Dr. Bob Show at the Secondary School Invitational and the school-site
production were filmed with the expectation of producing a Dr. Bob Show video.  The
availability of a video Dr. Bob Show would allow us to reach measurably larger student
audiences. The video would be used to supplement the high school and middle school
curricula.  It could be used for informal education on a stand-alone basis.

Instructional Materials

While the Dr.  Bob Show provided a platform for the education outreach activities, the
development and packaging of instructional materials in a coherent curriculum has
been an important objective for the Hydrogen Program.   As a result of a summer 1998
workshop this objective has been achieved with broad technical support across the
Program and in-depth review by key members of the Hydrogen Program team.  The
result is called The Clean Corridor Curriculum (CCC), a high school curriculum that
educates students about the potential and benefits of hydrogen as a fuel and energy
carrier.

The Clean Corridor Curriculum (CCC)

The CCC is intended as a flexible complement and enrichment to both traditional and
innovative approaches to chemistry education.   The curriculum emphasizes chemistry
fundamentals, meeting 80-85% of the national standards for chemistry.  Relevant
learning in physics and biology is also included and mathematics cross-cuts the
curriculum.  Importantly, the CCC highlights current and advanced hydrogen related
technologies.  The target audience is first year chemistry students.  While the
curriculum is aimed at the Aaverage@ chemistry student, Aextension activities@ that target



other student populations (technical education, honors and advanced placement) are
also included.

Both the curriculum structure and content reflect the contemporary pedagogy and
practice of science education.  All learning is linked to national science standards, and
for the state of Maryland, state standards. The Hydrogen Program=s vision underlies 
The Clean Corridor Curriculum, imagining a world in the not too distant future, where:

. . .health, environment energy security and the economy will contribute to the
creation of AClean Corridors@ in America.  The Clean Corridors will use cleaner,
more efficient and more environmentally friendly technologies and fuels to serve
a variety of needs in the building, utility, industrial and transportation sectors.

 The curriculum is organized in five modules and a final project:

Fundamentals (contains three units called Learning about Hydrogen; Naming
Hydrogen Containing Compounds; and Equations)
Production
Storage
Distribution and Safety
Utilization
final project: Hydrogen Filling Station Project

The Fundamentals units, uses hydrogen as a cross-cutting theme to teach a basic
course in chemistry.  The other four modules use the transportation sector as a
Avehicle@ for learning.   Concern for the global environmental unifies the lesson content.

Lessons are structured in a A5E@ format with engagement, exploration, explanation
extension and evaluation components.  Based on constructivist education
philosophies, the 5E format is sometimes referred to as Athe learning cycle.@

Several CCC teaching approaches are possible:

The Curriculum may be taught in its entirety using all five modules and the final
project
Individual modules may be used as needed.
Lessons from one or more modules and/or the final project may be used.
The final project may be taught as a stand-alone unit.

Current Accomplishments

Instructional Materials

During the 1999 fiscal year, technical review of the Clean Corridor Curriculum was
completed.  The curriculum is now in the field test phase. 
A field-test introduces new and revised curricula in classrooms on a targeted basis to



assess its merit and utility.  The results are evaluated to provide guidance for revisions
and enhancement of the educational material.

Field Test and Evaluation

Field-testing and evaluation are best practices in the education industry.  They are a
crucial step in the process of successfully disseminating the CCC to the widely
decentralized high school science education market.  With changing science
standards and increasing performance pressures, and science approaches ranging
from traditional to innovative, educators face enormous challenges in serving highly
diverse student populations.  School districts across the country make curriculum
choices on a fairly autonomous basis, acting independently of each other and, not
infrequently, their state departments of education.  From a marketing perspective, the
field-testing and evaluation process positions the CCC in the minds of the decision
makers -- teachers and administrators who select curricula and support classroom
materials.

Through an existing network of educators and participation in the National Science
Teachers= Association (NSTA) Annual Conference in Boston, teachers have been
solicited to participate in the field test and evaluation of the CCC.   The following
considerations affected the teacher recruitment process: geographic representation,
diversity of school districts, and commitment to science education reform consistent
with national standards.   As stipend funding was unavailable for this effort, teachers
are participating in the field test based on interest and in exchange for a free copy of
the Clean Corridor Curriculum.  Teachers who received the curriculum are from:
Florida, New Mexico, New England, New York/New Jersey, Maryland, the south and
the west.

Teachers were asked to devote 10 hours of classroom time to this effort.  However,
since the field test began late in the school year following the in-house techical review,
and since teachers will not be paid for this effort, it is not expected that all interested
teaches will actually be able to devote the optimal time amount to the field test.  Sadly,
the Littleton tragedy has reportedly also had an impact, siphoning off discretionary time
that might have been used for the field test.  However, it is expected that a sufficient
number of field test teachers will provide the guidance necessary to effectively modify 
the CCC in the near term.

Curricula Workshops

Accordingly, a two week workshop is planned for this summer to revise and enhance
the high school curriculum.  Revisions will draw heavily from the results of the field-test
and evaluation.  One expected modification will be the creation/enhancement of
activities that target different segments of the high school chemistry population (i.e.,
technical education, general, honors and Advanced Placement.)  It is anticipated that
the same individuals who participated in last year=s workshop will return again this
year..



A second curriculum writing workshop will be held to develop suitable hydrogen
instructional materials for middle school use.  Workshop participants will be local
middle school teachers. This team will modify the existing CCC for the middle school
audience adding new lessons as appropriate.  It is expected that the format for the
curriculum will be varied, rather than standardized like the high school product.  The
differing structures reflect the multiple approaches now concurrently employed in
middle school curricula.   Because there will be no single approach to the product and
formatting may prove complex, it is not anticipated that the beta version of the middle
school product will be as complete as the beta version of the high school product.  

Once again, the Montgomery and Frederick County Science Supervisors have provided
invaluable guidance in formulation of workshop and curriculum strategy.  Print articles
announcing development of the curricula and the status of ongoing work will be
developed this fiscal year.

Live Science Shows

This year=s NHA theme was Asetting global standards.@  The Dr. Bob Show reflected
this theme by using material from the newly developed high school curriculum, the
Clean Corridor Curriculum.  

The format for the 1999 Secondary School Invitational is representative of past year
shows. The stage was set for the Invitational by the award winning film, Renewable
Power: Earth=s Clean Energy Destiny. The Dr. Bob Show followed, featuring Dr. Bob
and his faithful assistant, ALittle Jon@ Hurwitch from SENTECH.  In his capacity as Dr.
Bob=s sidekick, and with additional SENTECH cast and crew assistance, Jon Hurwitch
has consistently provided the support necessary to transform the Dr. Bob Show from
an interesting amateur science program to a first rate science education performance. 

This year there were two demonstrations that @set the standard@ for science learning
and future technology.  The first demonstration was by Drs. Jay Keller and George
Thomas from Sandia Livermore.  They introduced Red Thunder, the remote control fuel
cell powered vehicle.  For the second demonstration Merit Academy students from
California presented a fuel cell powered ice cream maker they developed in
cooperation with Schatz Energy Research Center at Humboldt State University. 

During lunch an Advanced Placement class from Northwest High School presented the
results of their Hydrogen Filling Station Project, part of the Clean Corridor Curriculum
field-test they are participating in under the direction of Mr. George Smeller.  Mr
Smeller was Co-Team Leader for development of the Clean Corridor Curriculum.

After lunch the students were divided into smaller groups to participate in a series of
three rotations:

the Dr. Bob Laboratory, where students experienced more hands-on science
with Dr. Bob cast and crew;



the Learning Center, where students visited multiple special Invitational displays
including:

a fuel cell hardware display and demo by DAIS Corporation;
a DCH demonstration of hydrogen technology sensors;
a demonstration and mini-lecture by Dr. Michael Seibert on photo-
biological hydrogen production and applications;
Ahands-on@ exposure to the remote control fuel cell car and fuel cell
powered ice cream maker.

the NHA Exhibit Hall and parking lot, site of live fuel cell vehicles.

The afternoon concluded with the career panel COOL, Career Opportunities of a
Lifetime and a brief awards ceremony.

Again this year, Dr. Bob and the live Science Show returned to a local middle school,
the same school we had visited last year.  The head of the science department
reported that the school led its county last year in standardized science testing
following the Dr. Bob Show.  We hope for similar results this year.

Both shows were filmed.  They are now being edited.  Post-production work,
scheduled for this summer, will meet local cable TV programming and format
standards. 

Promotion and Product Branding for Instructional Materials and Live Science
Shows

Serious promotion occurred of Hydrogen Education Outreach occurred at several
conferences this year:

MAST - the Maryland Association of Science Teachers
The entire Clean Corridor Curriculum Team presented a workshop at the annual
conference.

NSTA (National Science Teachers Association) Annual Conference in Boston
A full-scale exhibit showcased the Clean Corridor Curriculum, bolstering the
effort to recruit teachers for the field-test and generate longer term interest in
continued learning about Hydrogen Outreach and our curriculum products.

Maryland Eisenhower Conference
I presented the curriculum and the larger Hydrogen Education effort to a full
house of Maryland science teachers attending the state=s premier science
education conference.

ChemEd Biennial Conference
This biennial conference will offer serious opportunities to present the curricula
and network with secondary school chemistry teachers from across the nation.



Efforts to Abrand@ our products to build awareness and preference in the education
community are also underway.   The working brand name of the hydrogen education
outreach products is HIP, for hydrogen instructional programming.   While this may not
 be the ultimate brand name, a branding process will be undertaken to facilitate the
marketing and distribution of our products.

 Future Work

Live Science Shows

Live science shows will continue.  The Dr. Bob Show will continue to be the main
attraction, whether as part of the Secondary School Invitational in conjunction with the
annual NHA Conference or as a stand alone event at local middle schools. 

Any live show offers the filming opportunities.  With the FY=99 footage, it is expected
that a Dr. Bob Show program(s) will be produced for broadcast by local cable.  Future
production opportunities include:

major cable production(s), i.e., for state public television and e.g., for Discovery;
a video with professional actors (discussions are underway with Beakman and
his agents) for education and training, rather than broadcast purposes;
a film for broadcast.

The top two production possibilities  have been included in a proposal for FY2000
Education Outreach funding.  The third proposal, though a worthy and logical
complement to the suite of film products, is currently beyond the scope of available
funding. 

Instructional Materials

There is yet one other film piece slated for production in FY2000, and that is the video-
clip of Red Thunder.  This video-clip of the Hydrogen Education Outreach=s remote
control fuel cell vehicle has multiple potential audiences, from the classroom to the
conference room and the greater DOE/EE library.   However, the remote control fuel
cell vehicle is so closely identified with the curriculum and so compelling as an
engagement piece, that its first allegiance is to the body of instructional material rather
than the suite of film products.  This is likely to remain so until the Hydrogen Education
Outreach activity can devise a method of making a remote control hydrogen vehicle
(already assembled or needing assembly) on a cost-effective basis.

The marvelous existing hydrogen film resources -- Element One and Renewable
Power: Earth=s Clean Energy Destiny -- will be incorporated in the curriculum offering
to the extent that copyright and contractual arrangements for these films permit.

Future plans for instructional materials include field-testing and evaluation for the



middle school curriculum scheduled for development in FY=99 together with additional
field-testing of the revised Clean Corridor Clean.  The latter is expected to occur at
least partly in the context of teacher training.  Middle school teacher training would
occur in the year following the middle school field-test and evaluation.  

Future instructional products are expected to include a curriculum to teach education
majors.  This group, often apprehensive at best and science challenged at worst, have
been identified by university educators as a prime audience for our instructional
materials.   

Other future education products include primary school materials at one end, and
Amodule size@ college products at the other end of the formal education continuum. 

Curriculum Dissemination

The selection of an appropriate distribution channel(s) is an important task for future
work.   It appears likely that some form of web-based distribution will be appropriate.
Certainly, the web offers a wonderful promotional tool. However,  it is not anticipated
that web-based distribution will be the exclusive dissemination method.  Rather, some
mix of print materials and information technology seems likely. 

Challenge Grant

The example of the Merit Academy science project clearly demonstrated what extra
funding can do for a science curriculum.  While the Merit Academy case is not
replicable on even a modest scale with the present level of education funding, it is
possible to stimulate some greater Ahands-on@ involvement through discreet funding
awards. Development of a challenge grant program is expected to provide motivation to
teachers to undertake hydrogen related projects.   Funding is expected to range from
small awards of ~$250 to a maximum of $2500.  

Dream Project

While the current cost of Red Thunder makes it appear unlikely that a remote control
fuel cell kit could be successfully developed and marketed as part of a deluxe
Ateachers kit,@ the possibility will be explored through careful market research.  As a
perfect complement to the curriculum, the remote control fuel cell vehicle might ideally
be made available to every interested science classroom in America.

 Current and Future Work 

As in the past, team building will be critical to progress. Likewise, collaborations are
expected to be key to many Education Outreach tasks:  new product development,
evaluation, promotion and distribution. Distribution is not expected to be easy.  The
Hydrogen Education Outreach activity will seek to actively cooperate with the EERE
EnergySmart School Initiatives and other established commercial channels.  The mix



of abstract (Information Technology) and concrete (print materials) products has been
found to be appealing.  Both have a place in the HIP portfolio of hydrogen education
outreach products.

Expected Impact

The Clean Corridor Curriculum and its collateral products are unique and fill an unmet
need for hydrogen education. There are three major end-user education markets:
students, teachers and parents.

The Department of Education reports that as of 1994, 56% of high school graduates
took chemistry, while 93.5% took biology and 24.4% took physics.  At a 56% rate, the
estimated size of the student population taking chemistry would be between 1.6 and 2
million students per year.  A conservative 1% market penetration rate would expose
some 160,000-200,000 high school graduates per year to hydrogen, stimulating
awareness and understanding of uses and technologies, promoting and accelerating 
early adoption in the marketplace.  

1998 National Science Teachers Association (NSTA) membership includes 720,000
teachers and estimates the universe of K-12 teachers at two million nationwide.  The
NSTA survey extrapolates to a universe of approximately 200,000 total high school
science teachers and an estimated 54,000 chemistry teachers nationwide.
This group represents a primary market for the CCC. 

Finally, there are the parents.   Averaging two parents per student yields double the
number of students estimated to experience greater hydrogen awareness (and perhaps
preference) as a result of Hydrogen Education Outreach instructional materials.

The expected impact of hydrogen films cross-cuts formal and informal education
outreach opportunities. With respect to film Viewership, potential for the local cable
production exceeds 800,000.  VIEWERSHIP potential for the Maryland Public Cable
Station.  is estimated at ~5 million. Finally, films are expected to make a handsome
and very usable addition to the EERE and DOE resource libraries.
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DEVELOPMENT OF CODES AND STANDARDS
FOR THE SAFE USE OF HYDROGEN

Karen I. Miller
Robert L. Mauro

National Hydrogen Association
Washington, DC 20036

Abstract

Hydrogen plays a significant role in the world’s energy economy, but this role is almost
exclusively as a chemical - hydrogen is rarely used as a fuel.  The use of hydrogen as a fuel in
the utility and transportation sectors faces hurdles that need to be overcome in order to transition
to a hydrogen energy economy.  In addition to a lack of infrastructure to support the widespread
distribution and use of hydrogen, there exists a persistent perception that hydrogen is unsafe.
Widespread hydrogen use will require that safety be intrinsic to all processes and systems.  To
develop a hydrogen infrastructure that has the public’s confidence in its safety and convenience,
an industry consensus on safety issues, the development of compatible standards and formats
(e.g., the same couplings for dispensing the same form of fuel), and product certification
protocols are required.

The national and international standards organizations are developing the rules under which
hydrogen will be produced, transported, stored and used.  This ultimately evolves to trade related
issues when hydrogen is in widespread use.  For that day to come hydrogen must have a set of
rules for code officials and fire marshals in the 35,000 jurisdictions in the United States to refer.
The hydrogen community in the U.S. must participate in these activities to assure that the
standards used are safe, fair and compatible with any existing domestic standards.

The NHA is under contract with the U.S. Department of Energy, through the National
Renewable Energy Laboratory, to identify and develop the standards necessary.  Utilizing
industry expertise and coordinating with Government and other official entities, this barrier to
commercialization may be overcome, allowing siting of hydrogen components and systems on a
world-wide basis.



Introduction

The development of codes and standards for the safe use of hydrogen is an essential aspect of the
DOE Hydrogen Program.  The objective of this work is to continue the efforts already begun on
the creation of draft international standards for safety, tanks, connectors, and refueling stations,
as well as identify and begin work on additional needed standards to assure the safe use of
hydrogen.

The NHA seeks to create draft standards for hydrogen systems and components, utilizing
expertise from industry and university research organizations, and others.  These draft standards
are then submitted to a standards organization, such as the National Fire Protection Agency
(NFPA) or ISO/TC-197 for additional input from a broader consensus.  The NHA continues to
advise on matters of hydrogen safety as these items develop for acceptance and publication. In
addition, the NHA participates in safety, codes and standards working groups for items drafted
elsewhere.

Since the summer of 1995 the NHA has had work groups to draft standards that standards
organizations can adopt and modify.  To date the NHA has done this with three standards.  There
are several more work groups being organized.  As a part of our activities we would like to have
the draft standards adopted and used as a part of DOE sponsored hydrogen field tests.  Thus the
proposed refueling station Las Vegas and third site for hydrogen fueled buses are initial sites to
validate the draft standards.

Discussion

While this specific work has only begun in February, 1999, it builds on work done in the past
through a Cooperative Agreement between the U.S. Department of Energy Hydrogen Program
and the National Hydrogen Association.  This work continues to be cost-shared by member dues.
Past Work

The work groups listed below were established to develop standards based on the experience of
the natural gas industry and to encourage safe use of hydrogen in vehicle applications.  Each
work group is composed of experts from industry and research institutions.

Work Group 1: Connectors
This group identified key differences in materials and processes to ensure that hydrogen fuel
connectors are standardized to fit only hydrogen dispensing stations and tanks.  In addition, key
technical issues included connector requirements for gaseous versus liquid hydrogen, as well as
standardization of pressures for dispensing gaseous hydrogen.  The draft standard developed by
this work group was accepted by International Standards Organization Technical Committee 197
(ISO/TC-197) as a work item.  This is an essential step in the establishment of an international
standard.  The NHA continues to provide expertise to this work item.

Work Group 2: Containers
This group called upon experts in the hydrogen and tank industries to develop a draft standard



for hydrogen storage tanks.  Commercially available tanks were not designed for hydrogen
storage.  Hydrogen embrittlement may develop in certain metal tanks under conditions of heat
and pressure.  In addition, concerns regarding hydrogen storage pressures and temperatures, as
well as other safety considerations were addressed.  This work group addresses key technical
requirements unique to tanks for hydrogen storage.  This draft standard was accepted by
ISO/TC-197 as a work item.  The NHA continues to provide expertise to this work item.

Work Group 3: Service Stations
This group is identifying key technical differences in requirements for natural gas service
stations and those planned for hydrogen.  Material compatibility issues, as well as safety
considerations for hydrogen's wider combustible limit are being addressed to assure that future
hydrogen refueling stations meet equivalent safety criteria as natural gas refueling stations.  In
addition, consideration is given to satisfying requirements of local code officials, to allow the
siting of hydrogen refueling stations.  This item is ongoing, and is being developed nationally
through the National Fire Protection Agency (NFPA), as well as internationally through ISO/TC-
197.  The NHA continues to provide expertise to this work item.

Sourcebook for Hydrogen Applications

The NHA participated in the development of The Sourcebook for Hydrogen Applications, a joint
effort by Canadian and US experts to compile in an easy-to-use document the prevailing
practices and applicable codes, standards, guidelines, and regulations for the safe use of
hydrogen.  The effort was funded jointly by Natural Resources Canada (NRC) through the
Hydrogen Research Institute (HRI) at the University of Quebec and by the U.S. Department of
Energy (DOE) through the National Renewable Energy Laboratory (NREL).  The Sourcebook
was prepared under the joint sponsorship of the Canadian Hydrogen Association and the
National Hydrogen Association.

The purpose of the Sourcebook is to serve as a reference to available information that developers
can use to design, build, and operate safe hydrogen projects at a non-industrial scale.  The
Sourcebook is not intended to be a design handbook.  Furthermore, the Sourcebook will not be a
substitute or an interim surrogate for codes and standards that are being developed by working
groups under the International Standards Organization (ISO) and will not obviate the need for
detailed safety reviews of specific projects.  However, codes and standards typically take many
years to write and adopt, and the Sourcebook will fill a need for an easy-to-use reference for both
developers and local code officials while, and even after, appropriate codes and standards are
adopted and incorporated into relevant fire, building, and other codes.  The value of the
Sourcebook will be that mutual concerns of code officials and project developers will be
identified with examples of how such concerned have been addressed.  The Sourcebook should
help facilitate understanding about safety issues and provide a basis for code officials and
developers to identify and resolve safety concerns.

The NHA continues to encourage use of the Sourcebook, and stands ready to assist in any future
activities to enhance or update the Sourcebook.



Progress to date

Progress during the first quarter for each task under this contract is described below:

Task 1: Facilitation of the Development of Recommended Practices and Codes
and Standards

Discussions continue on the timing and location of a potential workshop.  While no date has yet
been set, it is anticipated that the NHA will hold a workshop in August in Washington, DC.
Additional working group meetings may be held as necessary following this workshop.

Task 2: Determination of the Need for the Development of Additional
Recommended Practices and Codes and Standards

At a Codes and Standards (C&S) Workshop held in July 1998, a list was generated containing
additional items for consideration.  From this list, the items of near-term importance for the
hydrogen community must be defined and work groups established.  The list of items under
consideration follows:

• C&S for the use of electrolysers and fuel cells at customer sites, including homes.
• C&S on self-service of hydrogen vehicles.
• Restrictions on servicing and storing vehicles indoors under existing C&S.
• C&S for hydrogen hookup and use for home heating and power generation.
• C&S for safe self-service refueling of vehicles with hydrogen.
• Certification program for hydrogen vehicle fuel systems.
• Development of in-place testing and certification of hydrogen tanks in vehicles.
• C&S for maritime unique applications of hydrogen (identify unique applications).
• C&S for subsonic aircraft.
• C&S for small scale transportable fuel cells as battery replacement/portable generation.

Workshop participants agreed to prepare a justification page for each proposed work item above.
The NHA has reviewed and collated the responses as to work item priorities.  This served as the
basis for developing a list of potential work items for recommended practices and codes and
standards that are critical for the commercial use of hydrogen as an energy carrier.  The required
deliverable for this task is being submitted concurrently with this quarterly report.  There will be
four new work items, with one of the items requiring presently low-level coordination with SAE.
The items which received the most favorable response from members for near-term development
are:

C&S for the use of electrolysers and fuel cells at customer sites, including homes.
C&S for safe self-service refueling of vehicles with H2.
Certification program for hydrogen vehicle fuel systems. (SAE Coordination)
C&S for maritime unique applications of hydrogen (identify unique applications).
In addition, the NHA has identified additional areas in need of development in the arena of
hydrogen tanks (Work Group 2), including composite tanks presently under development, as
well as metal hydride storage tanks.  It has been determined, based on interest from NHA



members as well as others, that these issues will be addressed within ISO-TC/197.  The NHA
will continue to track the progress of these efforts and provide technical expertise as necessary.

Task 3: Codes and Standards Session

The NHA was honored to organize and conduct a plenary session for the 1999 ISO/TC 197
meeting and related ISO working groups in conjunction with the 10th U.S. Annual Hydrogen
Meeting, held in April. Results of these meetings will be available through ISO.

Task 4:Validation of Hydrogen Codes and Standards

The NHA solicited and collected technical reports on current and recent demonstration
evaluations.  These reports were presented at several sessions at the 10th Annual U.S. Hydrogen
Meeting in April.  They will also be published and distributed to the members and meeting
registrants in the Proceedings.  The NHA will use the lessons learned in these demonstration
activities to refine the existing Codes and Standards activities.

In addition, NHA staff attended the DOE Fuel Cells Codes and Standards Summit on April 5 to
present the NHA activities to a larger codes and standards audience.  This helps ensure experts in
related codes and standards activities are aware of the existing efforts in hydrogen, as well as
provide the NHA with information on the other activities.

Conclusions

The development of codes and standards for hydrogen systems and components is an important
aspect of the DOE Hydrogen Program.  The National Hydrogen Association has been a leader in
this area since 1995.  The NHA seeks broad consensus from industry and government, on a
national as well as an international level for development of standards.  The NHA has been
successful in drafting standards and having them accepted by larger standards bodies, such as
ISO/TC-197.  There is still much work to do in this area, as well as work to allow model building
code acceptance of these hydrogen systems and components, once acceptable standards are
available.  The NHA is committed to working with industry, the National Labs, and the
Department of Energy Hydrogen Program to continue these vital efforts.

Future Work

In addition to completing the efforts already begun, as described above, the NHA will perform
the following tasks under this contract:

The NHA will plan, organize, and conduct a codes and standards workshop in August, 1999 and
solicit participation from safety experts and standards organizations.

In order to assist the developers of hydrogen demonstrations, the NHA will collect and evaluate
information on current hydrogen field test or technology validations, with an emphasis on the



safety aspects of the projects including the codes and standards that are in use.  In this effort, we
will make every effort to validate the codes and standards that are being developed through the
NHA, ISO, and others.  We will also collect and evaluate existing general boilerplate codes that
may impact hydrogen applications.
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Abstract

Energetics performs independent site-visit-based assessments of projects associated with the
DOE hydrogen program for the purpose of providing the Hydrogen Peer Review Panel with in-
depth independent information on the individual R&D projects. This can be used by the Panel to
augment the information that they obtain from the Principle Investigators prior to and during the
Peer Review itself. In addition, a more general, abbreviated version of the site-visit reports are
made available as information to the public.

During the period May 1998-April 1999, Energetics performed a total of eight site visits on
Hydrogen production and storage R&D projects. While the details of these visits, which were
presented in writing to the Review Panel are competition-sensitive, this paper contains some
more generic general comments about these site visits.

Energetics is also performing an analysis of the feasibility of using a low-rank coal as a carbon
source for the regeneration of hydrides being used as an on-board, slurry-based  hydrogen
storage/hydrolysis process. The hydride process is one that is being developed by Thermo Power
Corp. For this particular analysis, Wyodak (Wyoming) sub-bituminous coal has been selected as
the carbon source and the Thermo Power laboratory in Massachusetts has been selected as the
refueling site. In the analysis, a comparison is made between: 1) shipping Wyodak coal to
Massachusetts as a carbon source for regeneration, 2) shipping spent hydroxide slurry from
Massachusetts to Wyoming to perform the regeneration process at the mine mouth and shipping



the regenerated hydride slurry back to Massachusetts, and 3) using a baseline “char” material (in
Massachusetts) proposed by Thermo Power as the regeneration carbon source. The analysis
shows that the cost of shipping the coal makes it more expensive than using the char, and that
shipping the slurries are cheaper than using the char only if the carbon-conversion rate is low.

Introduction

Part of the role that Energetics plays in the DOE Hydrogen Program is to provide independent
technical assessments of ongoing hydrogen R&D projects. In addition, Energetics performs
analyses on hydrogen-related processes and systems. During the period May 1998–April 1999,
Energetics visited eight laboratories in order to perform assessments on hydrogen production and
storage R&D projects. In addition, Energetics has analyzed an alternative regeneration scheme
for a hydrolysis-based  metal hydride storage system. This paper discusses these topics.

Technical Assessment of R&D Projects

Background/Approach

Over the past three years, Energetics has performed site visits at the laboratories of fourteen
projects that have been part of the DOE Hydrogen Program. This work adds a new dimension to
the review process: it provides the reviewers with in-depth information that they cannot get from
once-a-year 20 minute presentations. It also provides for more continuity in the interfacing
between the Program and the projects, helping to establish ongoing dialogs with the Principle
Investigators (PI).

Once a project is chosen for technical assessment, a literature review is performed on the subject.
This includes a review of the last two or three years of Annual Operating Plan submittals,
monthly reports, the Annual Review paper, reviewers’ consensus comments from the past few
years, publications in journals, and journal publications on the same or similar topics by other
researchers.  The PI is then contacted, and an on-site visit is arranged. A set of topic questions or
discussion points is then drawn up and sent to the PI about two weeks prior to the visit. These
questions are meant to be used as a basis for a large portion of the discussion during the site visit.

During the site visit a tour, preferably with a demonstration of the experimental set-up, is
requested whenever possible. The PI then makes a formal or informal (according to the PI’s own
preference) presentation on the project and its current status. The majority of the visit is spent in
discussions based on the topic questions and on any other items that may come out of the tour,
demonstration, and presentation. The on-site visit lasts anywhere from a half-day to a full day, a
little longer on some occasions.

Following the site visit, two reports are written. The first is a detailed report that discusses the
project and its strengths and weaknesses in a thorough manner. This report is provided to the
Peer Review Team as part of their information package prior to the Peer Review Meeting. A
copy is also provided to the Hydrogen Program Manager. The second report is a condensed



narrative that discusses the technology but provides no critique. This second report is made
available to the public.

Assessments Performed

Prior to May 1998 (the start date of this Annual Report), Energetics had performed a total of six
site-visit technical assessments of hydrogen R&D projects. These assessments are identified in
Table 1. During the period of this current report (May 1998 – April 1999) a total of eight
technical assessments were completed. These are shown in Table 2.

Table 1. Technical Assessments Performed Prior to May 1998

Project Performing Laboratory Date of Visit

Enzymatic Conversion: Biomass-
Derived Glucose to Hydrogen Oak Ridge National Laboratory Feb. 1996

Hydrogen from Catalytic Cracking
of Natural Gas Florida Solar Energy Center Feb. 1996

Hydrogen Manufacture by Plasma
Reforming

Massachusetts Institute of
Technology April 1996

Photovoltaic Hydrogen Production U of Miami May 1996

Hydrogen Storage in Carbon
Nanofibers Northeastern U Dec. 1996

Carbon Nanotubes for Hydrogen
Storage

National Renewable Energy
Laboratory June 1997

Table 2. Technical Assessments Performed May 1998 – April 1999

Project Performing Laboratory Date of Visit

Storage and Purification of
Hydrogen Using Ni-coated Mg Arthur D. Little, Inc. June 1998

Hydrogen Transmission and
Storage with a Metal Hydride
Organic Slurry

Thermo Power, Inc. June 1998

Thermal Management Technology
for Hydrogen Storage

Oak Ridge National Laboratory
& Materials and Environmental
Research, Inc.

August
1998

Improved Metal Hydride
Technology

Energy Conversion Devices,
Inc.

August
1998

Hydride Development for
Hydrogen Storage

Sandia National Laboratories
(CA) Sept. 1998

Biomass to Hydrogen via Fast
Pyrolysis and Catalytic Steam
Reforming

National Renewable Energy
Laboratory Dec. 1998



Hydrogen Separation Membrane
Development

Savannah River  Technology
Center

March 1999

Hydrogen Production by
Photosynthetic Water Splitting

Oak Ridge National Laboratory March 1999

Results/Conclusions

The outcome of the individual technical assessments cannot be reported in this document due to
the competition-sensitive nature of much of the results. However, several broad conclusions can
be reported here:

• Steady progress is being made in renewable hydrogen production, carbon storage, and
hydride systems.

• It is very easy for PIs to lose sight of the fact that these are hydrogen projects. For example,
on-board reforming is not a goal of the Hydrogen Program, yet it has appeared as a goal of at
least one project.

• Not enough effort is being directed at CO2 removal. Carbon balances and centralization of
CO2 emissions or processes that do not emit CO2 need to be looked at more closely.

• Use of magnesium hydride-based storage systems is likely limited to niche applications;
R&D in this area has likely run its course. More promise comes from alanate systems and
metal hydride hydrolysis systems.

• R&D on alternatives to pressure swing adsorption (i.e., membrane research) is needed.

• Some R&D projects appear to be working in a vacuum, having little or no communication
with the mainstream program.

Feasibility of Using Low-rank Western Coal as a Carbon Source for Hydride
Regeneration

Introduction and Background

One of the storage systems that is being considered for hydrogen, both on-board and in stationary
applications is a system being proposed by Thermo Power Corporation. In this system, a reactive
metal hydride such as LiH or CaH2 is transported in slurry form, using mineral oil as the carrier
fluid, to its point of use. After the hydrogen is recovered by reacting with water, the spent
material is in the form of an hydroxide. For example:

CaH2 + 2H2O à 2H2 + Ca(OH)2 [1]



or:

LiH + H2O  à H2 + LiOH [2]

Thermal Power then proposes to take the hydroxide and reconvert it to the hydride through the
following series of steps:

Ca(OH)2 à  CaO + H2O  (+15.5 kcal) [3]
CaO + C à CO + Ca (+125.5 kcal) [4]
H2O + C à CO + H2 (+41.9 kcal) [5]
H2 + Ca à CaH2  (-45.1 kcal) [6]
2CO + O2 à 2CO2                   (-135.3 kcal) [7]

Overall:      Ca(OH)2 + 2C + O2 à CaH2 + 2CO2 (+2.6 kcal)          [8]

Or for the lithium analog:

2Li(OH) à  Li2O + H2O  (+22.6 kcal) [9]
 Li2O + C à CO + 2Li            (+115.9 kcal) [10]
H2O + C à CO + H2 (+41.9 kcal) [5]

 H2 + 2Li à 2LiH  (-45.8 kcal) [11]
2CO + O2 à 2CO2                   (-135.3 kcal) [7]

Overall:      2LiOH + 2C + O2 à 2LiH + 2CO2 (-0.8 kcal)          [12]

Considering reactions [1] and [8] for the calcium system, and reactions [2] and [12] for the
lithium system, it can be seen that in both cases, one mole of carbon leads to one mole of
hydrogen.

Thermo Power, has proposed that they can obtain a “char” which has a heating value of about
14,000 Btu/lb. Thermo Power further states that the char can be obtained on site in a regeneration
plant located on the East Coast for no more than $1.67/MMBtu (Breault et al, 1999). It has been
proposed that an alternative low cost process might be to use a low-rank Western coal as a
carbon source. The purpose of this analysis is to consider this option and determine under what
conditions, if any, such a process would be feasible.

If one were to use a low-rank coal as a carbon source, and the hydrogen is being used in the
eastern part of the country, the options open are:

• Move the spent hydroxide west
• Move the low-rank coal east

The cost of these transportation processes as compared with the on-site use of the char is then
considered. Note that the cost of regenerating the hydride from the hydroxide is not part of this
analysis, as this process would have to take place regardless of the location or carbon source.



However, the efficiency of this process is needed in order to estimate the amount of coal or char
that needs to be transported.

The coal that was chosen for this exercise is Wyodak sub-bituminous coal from Campbell
County, Wyoming. The coal was picked to coincide with that being used by another project
involving low-rank Western Coals that is being co-funded by DOE/EE and DOE/FE, and is
being performed at the National Renewable Energy Laboratory (Golden, CO) and the Federal
Energy Technology Center (Pittsburgh, PA). The proximate and ultimate analyses for Wyodak
coal are shown in Table 3.

Table 3: Proximate and Ultimate Analyses of Wyodak Coal (As received)

Proximate Analysis (%)
Moisture 26.6

Volatile Matter 33.2
Fixed Carbon 34.4

Ash 5.8

Ultimate Analysis (%)
Sulfur 0.6

Hydrogen 6.5
Carbon 50.0

Nitrogen 0.9
Oxygen 36.2

Heating Value (Btu/lb) 8630

Since Thermo Power at this point is considering Massachusetts (the site of their laboratory) as
the potential site for hydride dispensing, the calculation will include: 1) the cost of moving
Wyodak coal from Wyoming to Massachusetts, 2) alternatively, the cost of moving spent
hydroxide in slurry form, from Massachusetts to Wyoming (where the regeneration process
would occur) and then moving the hydride slurry back to Massachusetts, and 3) a comparison
with the cost of using Thermo Power’s char.

Cost for Transporting Western Coal to Massachusetts

In order to estimate the cost of transporting coal from the western U.S. to Massachusetts it is
important to understand that western coal is not currently used in Massachusetts electric power
plants.  Therefore, no real data exists with organizations such as FERC for what it would actually
cost to transport Western coal to Massachusetts by rail.  A methodology has been developed that
estimates the hypothetical cost of transporting western coal to Massachusetts.  This is a



preliminary estimate only to be used for comparing different scenarios and it should not be used
for detailed engineering assessments of these options.

Wyodak is the most productive coal bed in Wyoming, with Campbell County being the largest
coal producing region in Wyoming  (Energy Information Administration, Dec. 1998). However,
since no Wyoming coal is shipped to Massachusetts, in order to calculate the transportation cost
of sending coal by rail from Wyoming to Massachusetts the following methodology is used:

The average mine-mouth price of coal in Wyoming (nominal dollars, 1997) = $6.00/short ton
(Energy Information Administration, May 1998, p. 154, Table 80).  The delivered cost of coal is
defined as the mine-mouth price + transportation + taxes + commissions + insurance +
equipment lease costs.  Since we only have data on mine-mouth price and delivered price of coal,
our definition of aggregate transportation cost includes transportation, taxes, commissions,
insurance and equipment lease costs.  Table 4 shows delivered and aggregate transportation cost
for coals from Wyoming for 1997.  Table 4 also shows approximate distances for each state from
Wyoming.  Figure 1 plots the aggregate transportation cost as a function of distance from
Wyoming.

Table 4. Aggregate Transportation Cost of Wyoming Coal, 1997

Destination
state

Delivered
cost ($/ton)

Distance
from WY
(miles)

Transportation
cost ($/ton)

AL 19.49 1,080 13.49
AZ 18.99 690 12.99
AR 28.56 860 22.56
CO 14.95 300 8.95
FL 24.59 1,630 18.59
GA 26.29 1,160 20.29
IL 30.70 790 24.70
IN 19.89 900 13.89
IA 15.31 580 9.31
KS 16.69 580 10.69
KY 21.60 1,010 15.60
LA 25.82 1,120 19.82
MI 18.59 960 12.59
MN 19.04 540 13.04
MS 23.22 1,020 17.22
MO 15.56 780 9.56
MT 9.24 240 3.24
NB 10.06 500 4.06
NV 18.79 620 12.79
NC 31.80 1,290 25.80
ND 11.02 420 5.02
OH 21.63 1,040 15.63
OK 15.80 670 9.80



OR 19.95 630 13.95
TN 15.67 1,090 9.67
TX 26.18 1,010 20.18
UT 22.68 320 16.68
WI 16.64 780 10.64
WY 14.16 210 8.16

Sources:
Mine-mouth cost = $6.00/ton (Source: Energy Information Administration,
May 1998, p. 154, Table 80)
Delivered cost: Source: Energy Information Administration, 1995, p. 35 –
38, Table 23.
Distance = Measured roughly from Wyoming to major urban center of
each state.
Transportation cost = Delivered cost – mine mouth cost

Figure 1. Aggregate Transportation Cost of Wyoming Coal

As can be seen from Figure 1, while there is an upward trend with increasing distance, there is
also considerable scatter in the data.  This is due to the fact that what is being plotted here is not
the real transportation cost only but an aggregate transportation cost which includes the rail cost
and other factors such as taxes, commissions, insurance and equipment lease costs.

Nonetheless, using the best-fit regression equation in Figure 1, the cost of transporting the coal
from Wyoming to Massachusetts can be calculated.  Assuming the distance from Wyoming to
Massachusetts to be 1,490 miles (approximate distance from Campbell County, Wyoming to
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Boston, Massachusetts) the aggregate transportation cost from Wyoming to Massachusetts would
be: 0.167(1490)0.657 = $20.30/ton.  Delivered cost for coal from Wyoming to Massachusetts
would be: $20.30 + $6.00 = $26.30/ton (aggregate transportation cost + mine-mouth cost). It
should be pointed out that the transportation cost assumes that the coal cars would be returned
empty to the mine. In some cases it is possible that a second product could be identified for the
return trip. This would act as a credit, and reduce the cost of coal transportation.

According to the ultimate and proximate analyses as indicated in Table 3, the Wyodak coal has a
carbon content of 50% on an as-received basis. Thus, the cost of delivered carbon is $26.30/0.5 =
$52.60 per ton. Even more important is the fact that the useful carbon – that which would be
used in the regeneration process shown in equations [8] and [12] would likely be the fixed
carbon. This as shown in Table 3, makes up 34.4% of the coal by weight. The cost of delivered
fixed carbon is $26.30/0.344 = $76.45 per ton. Right now, due to the state of development of the
Thermo Power process, no data is available on what percent of the fixed carbon can be utilized
by the regeneration reactions (equations [8] and [12]). Clearly, the process economics would
depend significantly on the level of carbon conversion that could be achieved and further data in
this area (on the basis of pilot plant tests for example) is essential to deriving meaningful
conclusions from this analysis.

The delivered cost of coal on a Btu basis can be calculated simply from the as-received heating
value and the delivered cost per ton:

$26.30/ton  / (8630 Btu/lb   X  2000 lb/ton)    =  $ 1.52/MMBtu

On a fixed carbon basis, this is equivalent to:

$ 1.52/MMBtu  /  0.344    =  $4.43 /MMBtu

compared with the reported cost of the delivered char, $1.67/MMBtu, without even considering
the cost of converting the coal to char.

Remembering that one mole of carbon produces one mole of hydrogen (or 12 pounds of carbon
produces 2 pounds of hydrogen), and that hydrogen has a heating value of 61,000 Btu/lb, the cost
of delivered Wyodak-based fixed carbon to produce one million Btu of hydrogen can be
calculated:

($76.45/ ton C/ 2000 lb C/ton C ) X (12 lb C/2 lb H2) X (1 lb H2 /0.061MM Btu H2)
= $3.76/MMBtu.

The cost of delivered char to produce the same amount of hydrogen is calculated by:

($1.67/MMBtu C X 0.014 MMBtu C/lb X (12 lb C/2 lb H2) X (1 lb H2 /0.061MM Btu H2) =
$2.30/MMBtu.



Cost for Transporting Hydroxide from Massachusetts to Wyoming, and Hydride
from Wyoming to Massachusetts

Next, the alternative path of transporting the hydroxides to the mine mouth is considered. First,
the weight of hydroxide that must be moved as a function of the hydrogen energy that it will
eventually become is calculated. The hydroxide will be converted back to a hydride by reactions
[8] or [12], and then used to make hydrogen by reactions [1] or [2], respectively. One mole of
LiOH leads to one mole of hydrogen; one mole of Ca(OH)2 leads to two moles of hydrogen. If
61,000 Btu is used as the energy content of one pound of hydrogen, one pound of LiOH leads to
5080 Btu of hydrogen, and one pound of Ca(OH)2 leads to 3297 Btu of hydrogen.

Next, the state of the hydroxide as it is collected from a storage area in Massachusetts is
considered. Thermo Power is considering using water to wash the spent hydroxide out of the
reaction chambers (where hydrogen is made), and then turning the mix into a manageable slurry
with more water. R. Breault has indicated that a 60-65 weight % slurry could be made from
LiOH and water, and a 70 weight % slurry could be made from Ca(OH)2 and water (Breault,
1999). The following assumptions to obtain a best-case scenario for this preliminary assessment
will be made:

• The degree of difficulty of shipping will not be increased by a lack of slurriability of the
hydroxide. That is, we will assume that the slurry is mixable, stable, and pumpable under the
loadings designated above.

• There is no residual, unreacted hydride in the hydroxide material (this would react with the
water upon slurrying).

• The hydroxide will not need grinding or further processing to make it slurriable.

• The surfactant’s  cost and concentration will not be included at this time.

The densities for LiOH and Ca(OH)2 respectively are 1.46 and 2.24 grams/cc. About 11% by
weight LiOH is soluble in water, while Ca(OH)2 is virtually insoluble (less than 0.2%). Using
these values, the relationships between the volume of hydroxide/water slurries and MMBtu of
hydrogen are shown in Figure 2 for 25-95% by-weight hydroxide slurries. The analogous weight
relationships are shown in Figure 3. These data show, for example, that 30.75 gallons of a 60%
by-weight LiOH slurry would need to be regenerated to eventually produce 1 MMBtu of
hydrogen. This amount of slurry would weigh 329 pounds. For a Ca(OH)2 slurry, a 70% slurry
would require 31.9 gallons, and would weigh 434 pounds.



Figure 2. Hydroxide Slurry Volume Resulting in 1MMBtu Hydrogen

Figure 3. Weight of Hydroxide Slurry Representing 1MMBtu Hydrogen
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If it is then assumed that the hydrides are regenerated by the aforementioned processes in
Wyoming, and then slurried in mineral oil and shipped back to Massachusetts, analogous
calculations can be performed on these hydrides. The densities of LiH and CaH2 are 0.82 and 1.7
grams/cc, respectively. The hydrides are slurried in mineral oil, having a density of 0.82
(Breault, 1999). The hydrides are, of course, insoluble in the mineral oil. The volume and weight
relationships between the hydride/mineral oil slurries and MMBtu of hydrogen are shown
respectively in Figures 4 and 5. These data show, for example, that 16.03 gallons of a 60% by-
weight LiH slurry would need to be regenerated to eventually produce 1 MMBtu of hydrogen.
This amount of slurry would weigh 110 pounds. For a CaH2 slurry, a 70% slurry would require
23 gallons, and would weigh 247 pounds.

Figure 4. Hydride Slurry Volume Resulting in 1 MMBtu Hydrogen

In considering the cost of transporting the hydroxide and hydride slurries, an assumption will be
made that the cost of transporting slurry is the same as transporting coal.  This represents a lower
limit of the cost.  This is because coal transportation is assumed to occur on open rail cars with
no cover, the rail cars are not lined with any material to protect them from corrosion, and there is
no pre-treatment of the coal to reduce dust or exposure along the way.  Transporting the slurries
would presumably have to involve some protection of the rail-cars from the slurry and may
necessitate other types of controls such as covers or sealed vessels to minimize exposure to the
elements.  Thermo Power has suggested (Breault, 1999) that the slurries could be carried in a
tarp-covered rail car.  The equivalency of the coal cost to the slurry transportation cost allows us
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to evaluate the economics of this option under highly optimistic conditions.  If the economics
under these favorable conditions do not turn out to be attractive then it is difficult to see how the
cost could be improved to make this option competitive with the cost of transporting the coal
from west to east.

Figure 5. Weight of Hydride Slurry Representing 1 MMBtu Hydrogen

Recall that the cost of shipping coal from Wyoming to Massachusetts was $20.30 per ton (not
including the cost of the coal at the mine mouth). So this number, $20.30 per ton, can serve  as
the lower limit of the shipping cost of the slurries. It has been estimated (Breault, 1999) that the
relative slurriabilities of the hydrides and hydroxides are about the same; LiH will produce a
slurry with about the same ease as LiOH, etc. Using this, the weight of the hydroxide slurry can
be added to that of the hydride slurry at any particular loading to get an estimate for the round-
trip weight requirement per Btu of hydrogen. The curves relating slurry loading to the equivalent
hydrogen cost are presented in Figure 6. Again, looking at the base cases, the 60% lithium
slurries would incur a transportation cost of  $4.45/MMBtu hydrogen, and the 70% calcium
slurries would incur a transportation cost of  $6.91/MMBtu.

Comparison of Costs/Conclusions

Finally, comparisons can be made of moving slurries back and forth to Wyoming from
Massachusetts with the options of moving the Wyodak coal east, and using the “char” that
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Thermo Power initially proposed. Recall, that if all the fixed carbon in the coal is converted to
hydrogen, the cost of moving the coal east is $3.76/MMBtu hydrogen. This would then be less
expensive than the cost of either the 60% lithium slurry or the 70% calcium slurry. The
$2.30/MMBtu hydrogen cost  for the char is cheaper yet. However, if the conversion rates of the
carbons are less than 100%, the slurry transportation option becomes more feasible. This is
because a slurry transportation cost is not a function of carbon conversion.

Figure 6. Cost of Round Trip Transport of Lithium and Calcium Slurries

Figure 7 presents the sensitivity to carbon-conversion efficiency of the equivalent transportation
costs of Wyodak coal and “char” as compared to 50, 60, and 70% lithium and calcium slurries.
As can be seen, transport of 60% lithium slurries become the less expensive option for
conversion efficiencies of less than 85% of the Wyodak fixed carbon, and for less than 55% of
the char. For the 70% calcium slurries to become the less expensive option, the conversion
efficiency of the Wyodak fixed carbon would have to be less than 57%, and the char conversion
would have to be less than 35%.

If the carbon-conversion level is low, the process is likely not economical. Thus it would be less
likely that shipping slurries is a good option. this is especially true when one considers the fact
that this analysis does not consider any additional transportation-related costs involving making
the slurries or shipping them under optimal conditions. If these factors are added, the slurry lines
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in Figure 7 move upward, making the intersections occur at even lower values of carbon
conversion.

It would seem then, that using the char would be the least expensive option. Recall, however,
that we are only dealing with transportation costs or equivalent transportation costs. Further
analysis would include information on the conversion processes. For instance, if a high
conversion percentage were possible for the Wyodak coal at the mine mouth, and this conversion
– presumably a pyrolysis process – also produced salable hydrogen (or another salable product),
the net cost of transporting the slurries including the hydrogen “credit” may be lower.

Figure 7. Comparison of Transport Cost as a Function of Carbon Conversion

It should also be noted that this analysis only deals with long-range transportation cost: 1490
miles. Since delivered coal prices are so dependent on transportation, shorter distances will likely
present a different picture.

Future Work

Technical Assessments

Two more technical assessments will be performed during the balance of Fiscal Year 1999.
Following this, it is planned to continue the assessments, perhaps on a somewhat increased basis.
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It is also time to begin revisiting some of the projects that have not been visited for two or three
years.

Low-rank Coal Analysis

The low-rank coal analysis is not nearly completed yet. Several more variables need to be looked
at. Thus, the analysis will be continued to consider:

• variable transportation distances,
• a process for converting the low-rank coal to a char, and the cost of this process,
• a cost of the char as a function of transportation distance, and
• the incremental cost of an inefficient regeneration process.
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Abstract

The US Department of Energy (DOE) Hydrogen Program funds a varied portfolio of activities,
from conceptual research and analysis to pilot testing and outreach, education and awareness.
The long-term research projects support the Hydrogen Program’s goal of a sustainable, domestic
energy system, while development activities focus on near-term, commercially viable hydrogen
energy system options.  Hydrogen outreach, education and awareness activities play a critical
role in the dissemination of information leading to the development of positive public opinion for
the introduction of new hydrogen technologies and the fostering of early demand for hydrogen
energy systems.

The proposed activities have the overall objective of disseminating technical information that
communicates the advances in research and development and environmental benefits to
community leaders and the general public.  The dissemination of information to the general
public and stakeholders is crucial to the development of positive public opinion to the
introduction of new technologies and the fostering of early demand for hydrogen infrastructure
systems as one solution to Clean Air Act compliance.  Furthermore, our outreach activity
approach is consistent with requirements mandated by the Matsunaga Act and reauthorized in the
Hydrogen Future Act, as well as technology transfer and outreach activities authorized under the
Energy Policy Act of 1992 (EPACT).



Objective

Successful outreach efforts are critical to overall hydrogen energy goals and the DOE Hydrogen
Program if it is to emerge as a significant contributor to US energy needs.  Non technical barriers
such as safety, infrastructure investment, and public policy changes will only be overcome with
outreach, education and awareness, and mobilizing communities and individuals to action.  To
achieve this, our outreach effort includes providing leadership, generating ideas, and
coordinating activities with other organizations.

Our FY ‘99 activities have the overall objective of disseminating technical and non technical
information that communicates the advances in research and development and environmental
benefits to stakeholders, community leaders, and the general public.  Informing community
leaders and the general public is crucial to the development of positive public opinion to the
introduction of new technologies and will foster early demand for hydrogen infrastructure
systems as one solution to global climate change.

Past Results

FY ‘99 represents the third year of a three-year cooperative agreement with DOE to conduct
analysis and outreach activities.  In general, our outreach program focuses on three distinct
audiences or stakeholder groups.  The first is US industry and those companies with whom the
federal government must establish partnerships if we are to realize a hydrogen energy future.
The second group is educators and students via which we hope to educate future leaders and their
parents on the benefits of hydrogen.  Finally, we have a public outreach effort to educate civic
groups, lay audiences, and organizations unfamiliar with hydrogen and its benefits.

In FY ‘97, our effort was more analytical in nature as we assisted DOE in both analysis and
technology transfer activities.  Analytical tasks were executed in two broad areas – systems
analysis and technical/economic assessments.  The systems analysis activities helped define the
strategic goals of hydrogen R&D by collecting and analyzing data regarding energy efficiency,
environmental externalities, and economic competitiveness factors of hydrogen energy.  The
technical/economic analysis activities looked at component technologies and their relative merits
in different hydrogen energy system configurations.  Finally, we assisted in supporting the
International Energy Agency (IEA) Annex 11 task to identify, compile, and integrate models of
hydrogen technology components into system models that describe overall pathways.

In FY ‘98, we developed and reviewed plans with DOE and private industry that outlined a five-
year approach to both technology validation and outreach/ communication activities.  Major
deliverables included fact sheets that highlighted technology validation and commercialization
efforts that DOE was undertaking with industry, and we produced both a Technology Validation
and Communications/Outreach Plan in response to calls to outline the directions for these
activities.  We did curtail our analytical efforts in FY ‘98, however we did complete a cursory
analysis of fuel cell markets and the potential effects of several policy options including carbon
taxes, renewable portfolio standards, and green power subsidies.



Also in FY ‘98, we continued an education program introducing hydrogen into secondary school
classrooms.  Primary activities included further development of our Mission H2 CD-ROM,
coordination and participation of three Hydrogen Education seminars, and development of the
Hydrogen Clean Corridor Curriculum (led by MRS Enterprises).  The Hydrogen Education
seminars took place in March as part of the National Hydrogen Association's Annual Meeting
and in May at the Warrenton Middle School in Virginia.

Current Year Results

Industry Outreach

This task is designed to help determine the near-term direction, pathways, and requirements for a
hydrogen transportation infrastructure which may, in turn, assist the DOE Hydrogen Program in
their R&D choices.  Efforts include targeted industry and stakeholder meetings leading to an
industry-led consensus-building workshop in the late 1999.  In addition, Sentech will produce a
workshop report and a general brochure from this consensus, leading to greater public
understanding of the industry-driven approach for the near-term direction(s) of hydrogen.

We have identified similar public and private organization undertakings and have taken part in a
variety of meetings to date – in particular, HTAP (Hydrogen Technical Advisory Panel), the
H2CC (Hydrogen Corridor Council), and most recently, a California-led hydrogen bus project
coordination group – and are looking into different options of working together to achieve a
strong industry-led consensus.

Education

This task looks to increase general knowledge of hydrogen’s benefits, as well as aiding in the
creation of a skilled and informed workforce that will be required for a hydrogen future.  This
year, the Mission H2 interactive Hydrogen CD-ROM – along with a teacher’s guide – will be
completed (Figure 1).

The project team was assembled in late March, consisting of educational and technical
consultants, and people skilled in computer graphics, programming, and narration.  The beta
version of the CD-ROM has been given a ‘facelift’ – both cosmetically and in advanced
programming capability.

We are currently in the final stages of completing the script, and identifying a variety of
graphics, photographs, and video clips to include in the CD.  The script, once completed, will go
through both a technical and educational review.  We are also adding additional bells and
whistles, increasing the interactive learning capabilities throughout, and beginning the
development of Challenge Rounds.  The final version will be dual platform so as to be easily
utilized on either Macs or PCs.



Mission H2 CD-ROM

In addition, since this project is a joint DOE/ industry funded venture, industry sponsorship
continues to be sought out.  SunLine Transit Agency is the first to sign on as a Gold Level
($10,000) sponsor.  Discussions are currently being held with International Fuel Cells to finalize
a previous verbal agreement of their sponsorship, and additional sponsors are being identified.
The industry monies will go toward pressing and packaging, and promotion and distribution of
the CDs, and will allow for expanded distribution at a nominal cost (e.g., shipping and handling).

Awareness

This task focuses on enhancing awareness – to the general public and key stakeholders and
decisionmakers – to emphasize the many positive aspects of hydrogen, and how investing in
science and technology in the development of hydrogen energy technologies can bring many
potential positive returns to our Nation.

While we had hoped to exhibit at the Canadian Hydrogen Conference in early February, the
cooperative agreement had not been signed in time for the required preparation.  In lieu of this, a
paper entitled, “Enabling Hydrogen in the 21st Century, The U.S. Department of Energy



Hydrogen R&D Program,” was prepared jointly with the DOE Hydrogen Program.  Cathy
Gregoire Padro, the NREL Hydrogen Program Manager, presented this paper at the conference.

The new hydrogen display, “Hydrogen Power – The Evolution of Energy,” was created for
exhibition by a variety of organizations promoting hydrogen (Figure 2).  The display was
unveiled at the Annual National Hydrogen Association meeting in April.

The general 10’ x 8’ display allows for easy adaptation of items, depending on the targeted
audience.  For example, materials that can be used interchangeably – and some interactively –
include a variety of videos, the Mission H2 CD-ROM (when complete), the remote control fuel
cell vehicle Red Thunder II, or a small fuel cell or electrolyzer system.  Published documents
have also been added, including the DOE Hydrogen Program Plans, Technology Validation
Summary and Fact Sheets, and a variety of materials promoting hydrogen from other
organizations, including the NHA, SEIA and Fuel Cells 2000.

The display was brought to the 4th Annual Renewable Energy and Energy Efficiency Expo:
Clean Energy Works ’99 on Capitol Hill April 21st.  The exhibition was coordinated with the
NHA, and included a variety of published hydrogen materials and a DCH Technology fuel cell
demonstration with hydrogen provided by a metal hydride canister from ECD, Inc.  Over 300
individuals passed through the exhibit hall within the 6-hour time frame.  Overall, this proved to



be a rewarding opportunity increasing awareness of hydrogen energy and technologies to
Congress, their staff, media sources and the general public.

The exhibit was also brought to the 5th Annual Clean Cities Conference in Louisville, Kentucky
in mid-May, along with a variety of hydrogen materials focused on transportation – including
information sheets on those Clean Cities that are actively pursuing hydrogen transportation
projects.  This was the first real hydrogen presence in the Clean City arena with nearly 600
conference attendees.  However, while the interest in hydrogen – and fuel cells – was extremely
high, the overall level of awareness of hydrogen as a transportation option was low.  Creating a
stronger relationship with DOE Clean Cities can be an important opportunity for hydrogen as it
gets further into the mainstream.

The exhibit will next be brought to the 7th Annual Electric Vehicle and Alternative Fuel
Conference near Detroit, Michigan and will be displayed later in the summer within DOE’s
Forrestal building.

In addition to the exhibit, a general, non technical hydrogen awareness brochure is currently in
production, and a series of one-page technology “success story” fact sheets are in the
development stage.  These items will not only promote the public benefits of a hydrogen future,
but will also describe the Federal government hydrogen investments geared toward achieving
these benefits.

Plans for Future Work

Technology Roadmapping

Technology roadmapping is a process to guide technology investment decisions by identifying
critical technologies and technology gaps, and finding ways to leverage R&D investments to fill
those gaps.  While originally invented more than a decade ago at Motorola, the process was
applied to government industry programs at Sematech to develop semiconductor technology in
advance of other countries.  DOE applied the process to several R&D programs in the mid-
1990s, most recently to develop “Industries of the Future” for the Office of Industrial
(Efficiency) Technologies.

Sentech has initiated a process to utilize technology roadmapping in the hydrogen R&D effort.
The focus in 1999 is to define the requirements for hydrogen infrastructure by holding a
workshop in late 1999.  Future technology roadmapping activities include building consensus
action plans between government and industry and to further refine and integrate the transition
between research and technology validation activities.

Education

Our education effort will culminate in the development of a teacher’s information package for
secondary school and high school educators.  The package will include the most up-to-date
version of the Hydrogen Clean Corridor Curriculum, Mission H2 CD-ROM with teacher's guide,



Hydrogen 2000 Renewable Power Video, and instructions for hydrogen experiments including
fuel cell model cars.

Awareness

We plan to continue exhibiting the hydrogen "roadshow" to regional civic and non technical
groups, expand the printed material and other interactive exhibit content that promote hydrogen
as a safe, clean, and not-too-distant energy option, and coordinate with DOE's Clean Cities and
other government outreach efforts to include hydrogen as an alternative fuel option.  Sentech will
consider a mass media campaign in conjunction with a mainstream environmental foundation or
organization that could include public service announcements or other communication
opportunities.

Feedback

Our outreach effort will need to determine its effectiveness, and that will be accomplished via
several feedback mechanisms, including conducting market research and survey opinion polls to
determine the level of awareness of hydrogen in a variety of constituency groups.  After
analyzing the data received from in-person and on-line surveys, we will evaluate the
effectiveness of our communication materials to determine how well we are delivering the
hydrogen message.

Goals and Basis for Goals

The goals established in our hydrogen outreach effort address HTAP concerns and take a lead in
meeting the requirements of the Matsunaga Act, the Hydrogen Future Act, and the 1992 EPAct,
the driving legislation for the DOE Hydrogen Program.

Sentech seeks to build consensus among industry and other constituent groups about hydrogen’s
role in the current and future economy, to foster innovative partnerships, communicate research
results, and develop a positive public perception of hydrogen and hydrogen energy technologies
through outreach, education and awareness activities.  We will seek to establish specific
quantifiable metrics with which to evaluate outreach in the future.

These metrics are likely to include:

• Awareness of hydrogen (number of exhibit viewers, mass media exposure, print media
articles, etc.)

• Regional cluster of activity (number of clusters, number of participating organizations)
• Policy change effectiveness (local, regional, or national legislation proposed)
• Industry involvement in technology investment and infrastructure (number of companies

involved)
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Introduction

Today, hydrogen is primarily used as a chemical feedstock in the petrochemical, food, electronics, and
metallurgical processing industries, but is rapidly emerging as a major component of clean sustainable
energy systems.  It is relevant to all of the energy sectors - transportation, buildings, utilities, and industry.
Hydrogen can provide storage options for baseload (geothermal), seasonal (hydroelectric) and intermittent
(PV and wind) renewable resources, and, when combined with emerging decarbonization technologies,
can reduce the climate impacts of continued fossil fuel utilization.  Hydrogen is truly the flexible energy
carrier for our sustainable energy future.

International Energy Agency

The International Energy Agency (IEA) was established in 1974, following the first oil crisis and is
managed within the framework of the Organization for Economic Cooperation and Development (OECD).
The mission of the IEA is to facilitate collaborations for the economic development, energy security,
environmental protection and well-being of its members and of the world as a whole.  As part of this effort,
the IEA launched the Production and Utilization of Hydrogen Program, known as the Hydrogen
Agreement, in 1977 to advance hydrogen production, storage and end-use technologies and to accelerate
hydrogen’s acceptance and widespread utilization.  

The use of hydrogen as an energy carrier is considered a mid- to long-term goal.  This is due to
infrastructure barriers, particularly in the storage area.  Likewise, safety issues, both real and perceived, are
concerns for acceptance of hydrogen by the general population.  Finally, hydrogen production from



renewables will likely not be cost-competitive with fossil-based production, at least in the near-term.  Thus,
the Hydrogen Agreement is focused on pursuing technologies that will help overcome some of the
infrastructure barriers and/or result in the reduced cost of hydrogen systems.

• On-board storage in vehicles is one of the major barriers to the acceptance of hydrogen powered
vehicles.  Metal hydrides and similar storage medium, like carbon, are thought to have the greatest
potential for the safe, on-board storage of hydrogen.  However, work-to-date has not proven cost
effective due to the inability of current hydride technology to meet the hydrogen storage percentages
required for maintaining vehicle weights within a reasonable range. 

• To achieve the advantages of a “hydrogen future,” namely a reduction in carbon emissions, hydrogen
must be able to be cost-effectively produced from renewables.  Thus, the Hydrogen Agreement has
been pursuing R&D in the solar production area, both biological and electrochemical.  The
electrochemical approach is, of course, hindered by the fact that photovoltaic technology is not yet
cost-effective.  Thus, it cannot compete with existing technology, except possibly in small niche
markets.  Much must still be learned about photobiological processes before we are able to understand
the economic potential of this production technology.

• Achieving the vast potential benefits of a hydrogen system requires careful integration of production,
storage and end-use components with minimized cost and maximized efficiency, and a strong
understanding of environmental impacts and opportunities.  System models combined with detailed
life cycle assessments provide the platform for standardized comparisons of energy systems for specific
applications.  Individual component models form the framework by which these system designs can
be formulated and evaluated.

• The use of hydrogen in the metals, chemicals, glass, food, electronics, fertilizer, petroleum and space
industries is well established.  The range of uses has been increasing as has the consumption by specific
application.  Historically, hydrogen has had an excellent safety record.  The many studies, R&D efforts,
and experience base have contributed to the publication of regulations, standards, industrial data sheets
and technical reports.  Hydrogen safety is an issue of every aspect from production to utilization and
continues to be of the utmost importance; not only to those researching, designing and working with
it; but to the general public, local authorities, insurance agents, etc., as well.

Technology Activities

Integrated Systems

Through the IEA Integrated Systems activities, twenty-four component models were developed to model
hydrogen production, storage, distribution and utilization (see Table 1).  Guidelines for a standardized
modeling platform were defined to ensure that the component models could be linked to simulate fully
integrated systems.  Using the component models, two integrated systems were evaluated for grid-
independent remote village applications: PV-electrolysis-metal hydride-PEM fuel cell system and
wind-electrolysis-compressed gas-internal combustion engine generator set.  Using resource data for the
region and a demand profile for a similar-sized village, the system components were designed to provide
constant power to the villagers.  For the location used in this study, the PV system required about 1/6th
of the storage of the wind system, even though the PV resource exhibited significant seasonal variation



compared to the wind resource.  Similarly, a comparative study of hydrogen storage technologies for a
remote renewable energy system examined relative costs of compressed hydrogen gas, low-temperature
metal hydride and high temperature metal hydride storage systems for a grid-independent system
supporting a village of 100 homes in Central America.  The analysis showed that, while the compressed
gas storage system had the lowest capital cost, the low-temperature metal hydride system was the easiest
to operate and maintain, and was therefore the overall lowest cost system. [1-8]

Table 1.  Component Models Developed for Production, 
Storage, Distribution and Utilization

Technology Team Lead

Production

PV-Electrolysis Spain

Wind-Electrolysis USA

Grid-Electrolysis USA

Steam Methane Reforming USA

Biomass Gasification USA

Biomass Pyrolysis USA

Coal Gasification Netherlands

Storage

Low/High Pressure Gas Canada

Metal Hydrides USA

Liquefaction Japan

Chemical Storage Netherlands

Chemical Hydrides Switzerland

Technology Team Lead

Distribution

Transport Tanker Japan

High Pressure Pipeline USA

Low Pressure Pipeline USA

Tank Truck Japan

Methanol Transport Netherlands

Utilization

PEM Fuel Cell Canada

Phosphoric Acid Fuel Cell Spain

Solid Oxide Fuel Cell USA

Molten Carbonate Fuel Cell USA

Gas Turbine USA

Internal Combustion Engine USA

Refueling Station USA

In support of the Integrated Systems activities, fourteen international hydrogen demonstration projects
were critically evaluated and compared, with system performance measurement as the central focus.
Safety and regulatory issues were also considered.  Representatives of these demonstration projects
provided technical data and participated in the review workshops.  Additionally, the international
participants were able to visit a number of the demonstration sites to see the facilities and meet with the
project engineers.  The list of the projects that were reviewed is shown in Table 2.



Table 2.  Hydrogen Demonstration Projects

Project Lead

Solar H2 Production Facility Electrolyser

Demonstration Plant for H2 Production and Use in
Fuel Cell

ATEL

Solar H2 Pilot Plant with 3 Storage Systems INTA

Stand Alone PV-H2 Small Scale Power System
(SAPHYS)

ENEA

Alkaline Bipolar Electrolyser ENEA

Off Peak Storage System Kogakuin University

CO2 Fixation and Utilization in Catalytic
Hydrogenation Reactor

RITE

H2 Vehicle Mazda

H2 Rotary Engine Cogeneration System Mazda

H2 Production Utilizing Solar Energy Kansai Electric Power Co.,
Mitzubishi

Development of Solar H2 Processes Helsinki University of Technology

Solar H2 Fueled Truck Fleet and Refueling Station Clean Air Now, Xerox

Genesis Ten Passenger PEMFC Vehicle Energy Partners

Schatz Solar H2 Project Humboldt State University

City of Palm Desert Renewable H2 Transportation Humboldt State University

Photoproduction of Hydrogen

As part of the IEA activities, the concept of using solar energy to drive the conversion of water into
hydrogen and oxygen has been examined from the standpoints of potential and ideal efficiencies,
measurement of solar hydrogen production efficiencies, surveys of the state-of-the-art, and
technological assessments of various solar hydrogen options.  The analysis demonstrated that the
ideal limit of the conversion efficiency for 1 sun irradiance is ~31% for a single photosystem scheme
and ~42% for a dual photosystem scheme.  However, practical considerations indicate that real
efficiencies will not likely exceed ~10% and ~16% for single and dual photosystem schemes,
respectively.  Four types of solar photochemical hydrogen systems were identified:  photochemical



systems, semiconductor systems, photobiological systems and hybrid and other systems.  A survey
of the state-of-the-art of these four types was performed and each system (and their respective
subsystems) was examined as to efficiency, potential for improvement and long-term functionality.
The following four solar hydrogen systems were identified as showing sufficient promise for further
research and development: [10]
• Photovoltaic cells plus an electrolyzer
• Photoelectrochemical cells with one or more semiconductor electrodes
• Photobiological systems
• Photodegradation systems

Most photobiological systems use bacteria and green algae to produce hydrogen.  These systems
hold great promise for long term sustainable hydrogen production, but face two major barriers for
meeting the cost limitations.  These barriers are the fairly low solar conversion efficiencies of these
systems of around 5-6%, and the fact that nearly all enzymes that evolve hydrogen from water are
inhibited in their hydrogen production by the presence of oxygen.  Research efforts are focusing on
overcoming this oxygen intolerance by developing strains of the green algae, Chlamydomonas,
which contain oxygen-evolving enzymes, and thus can produce oxygen and hydrogen
simultaneously.  Genetic alterations of Chlamydomonas are being investigated in attempts to
improve the solar conversion efficiencies.  These new genetic forms are predicted to reach
efficiencies on the order of 10%.

Photoelectrochemical production uses semiconductor technology in a one-step process of splitting
water directly upon sunlight illumination by combining a photovoltaic cell and electrolysis into a
single device.  Research efforts are being focused on identifying structures and materials that will
meet the high voltage requirements to dissociate water, not be susceptible to the corrosiveness of the
aqueous electrolytes used in the electrolytic process, and are cost-effective.  Amorphous silicon
devices are one of the types most favored, due to their lower cost.  These photovoltaic devices have
achieved efficiencies of 7-8%.  Photovoltaic devices using more expensive materials, have
demonstrated efficiencies of 12.4%. [9] Researchers are now working to combine the low cost
materials and high conversion efficiency materials to achieve a practical application of this promising
technology.

Metal Hydrides and Carbon for Hydrogen Storage

The use of hydrogen as a vehicle fuel requires a storage means that has inherent safety and both
volumetric and gravimetric efficiency.  Metal hydrides offer alternatives to the storage of hydrogen
in gaseous and liquid form.  They store hydrogen in an essentially solid form and offer the potential
for volume efficiency, high safety, low pressure containment and ambient temperature operation.
Unfortunately, most known hydrides are either heavy in comparison to the hydrogen they carry or
require high temperature for hydrogen release.  In the past few years, carbon adsorbent materials
have also gained attention as a possible, cost-effective storage medium for hydrogen.  Whereas
carbon was once considered only as a cryoadsorbent for hydrogen, there is growing belief it can be
used at ambient temperature.  However, much must still be learned about consistent and high-purity
production of these materials and the nature and potential for hydrogen storage. [11]   

Work has been progressing to develop a variety of hydride and carbon materials for on-board
storage, working towards both improved gravimetric capacity (5 weight %) and lower temperature



(100-150oC) release of hydrogen.  Building on the  advances reported by the Max Planck Institute,
Germany, [12] several international collaborations have been established to further develop the
catalyzed sodium aluminum hydrides for hydrogen storage.  The joint efforts of the experts has led
to the identification of a material capable of 5 weight percent reversible hydrogen storage at 150oC,
the necessary target for economic on-board hydrogen storage for vehicles. [11]  The experts are now
working to meet the new target of 5 weight percent at 100oC.

Research and Development Needs/Future Activities

Many advances were made in the longer-term photoproduction area.  This includes identification of
a semi-conductor-based hydrogen production system capable of 12.4% solar efficiencies and the
construction of a process development scale bioreactor.  However, this work is still at the early
development stage.  A variety of materials and organisms remain under investigation.  System design
is also an area that still requires a great deal of effort. 

Hydrogen use in non-energy processes, such as the chemical, metallurgical, and ceramics industries
was also identified as an area where a concentrated research effort could facilitate the increased
utilization of hydrogen.  Annually, these industries account for nearly 50 percent of the world’s 500
billion Nm3 hydrogen consumption.  Process improvements and novel synthesis approaches could
lead to overall efficiency improvements and reduced environmental impacts.  Likewise, increased
market share for hydrogen in these arenas should lead to expedited infrastructure development, a
necessity for facilitating the advancement of the energy-related and renewable-based applications.

Approximately 95% of the hydrogen produced today comes from carbon containing raw material,
primarily fossil in origin.  The conventional processes convert the carbon to carbon dioxide, the
majority of which is discharged to the atmosphere.  The growing awareness of the impact of
greenhouse gas emissions on global climate change has necessitated a reassessment of the
conventional approach.  Integrating carbon dioxide sequestration with conventional steam reforming
will go a long way towards achieving “clean” hydrogen production.  Likewise, improving the
robustness of pyrolytic cracking technologies for the conversion of hydrocarbons to hydrogen and
pure carbon should not only improve the process economics, but also its applicability to a variety
of feeds.  Finally, the thermal processing of biomass can yield an economic and carbon neutral
source of hydrogen.

Summary

As we enter the new millennium, concerns about global climate change and energy security create
the forum for mainstream market penetration of hydrogen.  Ultimately, hydrogen and electricity, our
two major energy carriers, will come from sustainable energy sources, although, fossil fuel will likely
remain a significant and transitional resource for many decades.  Our vision for a hydrogen future
is one of clean sustainable energy supply of global proportions that plays a key role in all sectors of
the economy.  We will implement our vision with advanced technologies including direct solar
production systems and low-temperature metal hydrides and room-temperature carbon
nanostructures for storage.  Hydrogen in the new millennium is synonymous with energy supply and
security, climate stewardship, and sustainability. 
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