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PHOTOELECTROCHEMICAL PRODUCTION OF HYDROGEN 

Richard E. Rocheleau 
Qing-Hua Gao 

Eric Miller 
Hawaii Natural Energy Institute 

University of Hawaii 
Honolulu, Hawaii 96822 

Abstract 

Semiconductor-based photoelectrochemical cells represent a promising option for the 
production of hydrogen from water using sunlight as the energy source. In this report, 
we describe an integrated program involving electrode fabrication, characterization, 
and engineering modelling with the objective to develop high efficiency, stable 
photoelectrodes for use in aqueous electrolytes. An essential element of our approach is 
the use of a diode model to identify loss mechanisms in the semiconductor-catalyst- 
electrolyte element of the PEC cell. 

During this phase of the program important advances were made in both fabrication 
and testing capabilities. A vacuum evaporator and sputtering system were added to the 
available facilities for electrode fabrication. A solar simulator was constructed and 
automated using a Macintosh computer running LABVIEW software allowing both data 
acquisition and equivalent circuit modelling. Detailed evaluation of the test procedures 
yielded new insights into the degradation of p-Si photocathodes. Novel metal semi- 
conductor devices were fabricated and tested as both solid state and electrochemical 
devices. These analysis have been useful in identifying process changes expected to lead 
to additional efficiency gains. 
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INTRODUCTION 

2 

Semiconductor-based photoelectrochemical (PEC) cells represent a promising option 
for the production of hydrogen from water using sunlight as the primary energy 
source. With optimal bandgap absorbers (1.4eV) efficiencies approaching 30% are 
theoretically possible for single junction devices, and almost 40% for tandem (1.8 and 
1.0 eV absorbers) devices. Following the report in 1972 by Fujishima and Honda (1) 
that n-Ti02 as an oxygen evolving anode could contribute a significant fraction of the 
electrical energy for direct electrolysis of water to H2 and 02, activities directed 
toward the development of high efficiency systems for direct water electrolysis 
accelerated. In the last decade, direct water splitting was demonstrated in several 
systems utilizing multiple electrodes or multijunction solar cells (2,3,4). On a larger 
scale, Texas Instruments demonstrated efficiencies of 8.6% on a near commercial scale 
utilizing series connected pn/np silicon junctions for the production of H2 and Br;! from 
a HBr electrolyte (5).  However, in general, the efficiencies of the photoelectrochemical 
systems remain well below those of the solid state devices and problematically, the 
mechanisms responsible for the low efficiencies and poor stability have still not been 
unambiguously identified. 

As discussed by Nozik (6), the minimum voltage to drive the electrolysis reaction is the 
free energy for the water dissociation, plus the intrinsic over-potentials determined by 
the bandgap of the semiconductor, the flatband potential, and the redox potential of the 
electrolyte acceptor state. The actual operating voltage must be sufficient to overcome 
these potentials, plus the iR losses due to current flow through the semiconductor, 
electrolyte, and interfaces. 

In addition to generating sufficient voltage, semiconductor photoelectrodes must 
efficiently transfer charge (electrons or holes) at the electrolyte interface. In practice 
(for H2 production) this usually involves deposition of a high work function catalytic 
metal such as Pt or Pd as a thin semi-transparent or discontinuous coating allowing light 
to penetrate and decreasing the bias required to achieve a given current. Unfortunately, 
gains in one parameter frequently lead to losses elsewhere. For instance, as the metals 
coverage is increased intrinsic charge transfer rates increase but reflection losses reduce 
carrier generation rates. 

Improvements in the energy savings or efficiency of these photoelectrochemical cells 
require simultaneous optimization of the photogeneration of carriers, charge separation 
in the semiconductor, charge transfer at the metal and electrolyte interfaces, and PEC 
system design. The complex interaction of physical, optical, and electronic effects 
within a PEC cell requires use of an operational model and appropriate supportive 
testing to identify causal relationships in the performance. The difficulty in interpreting 
or comparing results reported in the literature has been compounded by the lack of well 
defined test conditions including area definition, light intensity and spectral content, and 
cell geometry. Many of these concerns were identified during the Fourth Hydrogen 



Photoproduction Workshop held in conjunction with the Eighth World Hydrogen 
Energy Conference held in Honolulu in July of 1990. 

In prior years of this program we reported on the development of in-house facilities for 
photoelectrode fabrication, complementary testing techniques and the behavior of p-Si 
photocathodes in acidic aqueous electrolytes. The initial use of p-type single crystal 
silicon photocathodes was based on the recent promising results reported by Nakato et. 
al.(7) and by Specht et. al. (€9, and the favorable stability in acidic electrolyte reported 
by many researchers. In this report, we describe recent advances in our fabrication, 
measurement and diagnostic capability. We also discuss a number of testing and 
stability issues associated with the p-Si system, and describe initial results obtained using 
novel metal semiconductor (MS) and metal-insulator-semiconductor (MIS) devices 
which show promise for greater stability and higher efficiency. 

PROGRAM OBJECTIVES 

The goal of this on-going subtask of the Hydrogen from Renewable Resources Program 
is to develop high efficiency, stable, potentially low cost electrodes for the 
photoelectrolysis of water in a PEC cell. Specific objectives to meet these goals include: 
(1) to characterize the limitation on efficiency and stability imposed by the electrode 
material and geometry; (2) to characterize the chemical, structural, and electronic 
nature of the electrode/electrolyte interface and correlate these properties with 
efficiency and stability; and (3) to develop design criteria for high efficiency electrodes 
and photoelectrochemical systems. 

APPROACH 

In order to fulfill these objectives, the program comprises three integrated subtasks: 
electrode fabrication, photoelectrode characterization, and electrode/system modelling. 
The electrode and cell performance with materials characterizations provide feedback 
for the subsequent optimization of the electrode materials and fabrication processes. To 
maximize progress with the very limited resources available for this task, our approach 
includes two critical elements. Firstly, to the extent possible we utilize the resources 
and know-how already developed by the photovoltaics (PV) community. Secondly, 
borrowing again from the PV developers, equivalent circuit models are being 
developed to analyze the experimental results and to identify the major efficiency losses 
so that efforts may be focussed in those areas. Contacts have been established with the 
University of Delaware's Institute of Energy Conversion, Solarex Corp., and Energy 
Conversion Devices. 

While intending to use readily available materials and devices whenever possible, there 
are fundamental differences in the performance of PEC and solar cells which require 
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modification of these devices and the development of novel catalytic structures. We are 
developing the fabrication technologies and the innovative materials and configurations 
to enhance the performance of these existing devices. 

In simplest terms, the behavior of the PEC cell can be characterized by its open circuit 
voltage (Voc), short circuit current (Jsc), and fill factor (FF) relative to an ideal or 
high efficiency metal electrode. The various methods of calculating net-energy savings 
or efficiency have been discussed in great details elsewhere (9,10,11,12,13). A more 
detailed analysis based on a characterizing equivalent circuit allows quantification of the 
diode behavior yielding values for the resistive and shunt losses, light generated 
current, and diode factor, all of which are essential to quantify losses mechanisms. 
Since the last review, our solar test facility and software have been upgraded to allow 
this analysis as described in subsequent sections. 

In addition to the photoelectrode properties, the PEC cell performance is dependent on 
external constraints including operating conditions and electrolyte resistance. While the 
limited resources of this program do not allow us to model and optimize all aspects of 
the PEC cell simultaneously, every attempt is being made to separate external cell 
effects from the photoelectrode behavior. One very useful tool is the development of 
devices with gridded contacts which can be tested as both solid state solar cells and as 
PEC electrodes for comparison. 

EXPERIMENTAL 

During the initial part of the last year, considerable effort and resources were spent 
upgrading our facilities for photoelectrode fabrication, measurement, and analysis. 
Many of these upgrades were made possible through grants from the School of Ocean 
and Earth Science and Technology and other contracts for development of a thin-films 
laboratory. Our key facilities and measurement techniques are described below. 
Despite early evidence in our measurements (14,15) and numerous reports in the 
literature showing stability of p-Si photocathodes in acidic electrolytes, this issue was 
explored in greater detail as part of our effort to improve reproducibility. The 
development of novel metal-semiconductor (MS) and metal-insulator- semiconductor 
(MIS) has also been initiated. These devices, fabricated in-house, and based in part on 
high efficiency MIS solar cells reported by NUKEM (16) promise higher voltages and 
efficiencies as well as greater stability than photoelectrodes based on bare silicon 
electrodes. 

Plasma Deposition 

The plasma deposition system described in previous reports (14,15) is being used for 
deposition of amorphous silicon and silicon nitride films. Plasma deposited SiN films 
are an integral part of the highly transparent MIS cells developed by NUKEM on which 
some of our test structures are based and may be very useful as barriers against 
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corrosion in PEC systems. A collaboration w . l I  the 4REL Surface Analysis group for - 

the further development of the SiN coatings has been established. 
- 

Metallization 

Whether using devices fabricated wholly in-house or modifying available solar cells, the 
capability to deposit a wide range of metal and metal oxides are needed for low 
resistance ohmic contacts, Schottky barriers, and as electro-catalysts. In the past year, 
two thin-film deposition systems, a Varian Model 3 117 four source evaporator and a 
Perkin-Elmer 2400 sputtering system have been installed in the lab to complement our 
existing photo-electrochemical deposition capability. 

Photoelectrode Fabrication 

Procedures for fabrication of p-silicon photoelectrodes were described in detail in 
previous reports (14,15). The important process steps used for fabrication of our 
different photoelectrodes including the new MS and MIS structures are summarized in 
Table 1. Boron doped p-type silicon wafers with resistivities between 1 and 10 ohm- 
cm are used for photocathode fabrication. Evaporated aluminum with an alloying 
anneal yields the most reliable low resistance contact. In early experiments, the active 
electrode area was defined using an epoxy resin paint. Currently, the <loo> or <111> 
wafers are cut into 1 square cm pieces using a reactive ion etch to delineate the pattern 
which can then be easily broken. Epoxy resin is only applied to the back surface for 
isolation from the electrolyte. The active area is thus the total front electrode area. 

In the present work, three configurations distinguished primarily by the metals 
deposition and configuration are used, The first uses photoelectro-deposited platinum 
or nickel as the catalyst. Because of its simplicity of fabrication and widespread use by 
ourselves and others, this configuration is still used for baseline data and was used in the 
stability tests described in the next section. For the case of platinum, it is photoelectro- 
deposited onto the Si surface from 0.001 M HzPtC16 solution at pH of -4-5. Based on 
the results of Ueda (17) and Specht (8), the photo-electrodeposition is carried out under 
tungsten halogen illumination at an intensity of 3 to 5 mW/cm2. The applied potential is 
swept between +0.1 and -0.5 V vs SCE resulting in sequential deposition and etching for 
preferential growth of metal islands. The effective coverage (or island size) is 
regulated by controlling the net current flow during the electroplating process. Just 
prior to catalyst deposition, the photoelectrode is recleaned using a modified RCA clean 
followed by a hot (85OC) etch in 45% KOH. This critical step results in a very specular 
surface enhancing the formation and release of small bubbles. 

The second configuration, identified in Table 1 as gridded photoelectrodes utilize fine 
mesh catalytic grids (60 lines per inch) deposited by evaporation through a shadow 
mask. In some instances, an underlayer of titanium was added to enhance the open 
circuit voltage,albeit with mixed results. This configuration was developed to allow J-V 
characterization in both the solid-state and PEC mode of operation. Since the metal is 
still very non-uniform, the junction behavior is still largely determined by the 
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electrolyte interface and many of the same limitations as observed with the 
photoelectrodeposited catalyst. 

Table 1: Photo-Cathode Fabrication Steps 

I I I 
Electrodeposited Photo-Cathodes with Metal Schottky Barrier 
Photo-Cathodes Grids Photo-Cathodes 

3" p-Silicon wafers cleaned using modified RCA process 

2-5 p Aluminum evaporated onto back surface 

610°C for 5 minutes in forming gas to alloy contact - 
I 1 

60- 150A evaporated 
Schottky barrier metal 

Various metal gridlines evaporated through shadow 
mask 

Wafers cut into 1 cm x 1 cm squares I 
Copper wires affixed to back-surface Aluminum using silver epoxy 

Sealant applied to insulate back contact of cathodes 
1 I 

Silicon recleaned with 
modified RCA process and 
KOH etch. 

Samples cleaned with degreasing agents 

Platinum islands photo- 
electrodeposited 

Testing I 

Most recently, to enhance the voltage and minimize degradation, we have begun to 
fabricate and test true Schottky and MIS structures in which a continuous but thin metal 
film or oxide/metal bilayer is deposited onto the bare silicon surface. This change 
represents a shift from devices utilizing the electrolyte/semiconductor interface as the 
junction to ones in which the junction is formed in the solid state. The Schottky metal 
can then be overcoated with a catalytic metal in either grid or thin-film configurations. 
The grid masks for these devices allowing up to 8 fines per cm (0.25 mm wide) is 
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considerable coarser than the grids applied directly to the silicon for configuration 2. 
This structure allows independent selection of the barrier metal and the catalyst. Initial 
results using p-type silicon with titanium as the barrier metal and platinum as the 
catalyst are reported in the next section. For reliable testing in the solid state, a 3 to 5 
micron thick silver grid is deposited onto the barrier metal. The focus of this effort is 
the development of multilayer films which yield high voltage and charge transfer 
characteristics. 

Volt amm e t ry an d E f fi c i en cy Me as u r em en t s 

The cyclic voltammograms and other J-V characterizations are made in a conventional 
photoelectrochemical cell which has been previously described (14,15). Platinum black 
or carbon are used as the anode with a saturated calomel electrode as the reference. An 
ELH-tungsten halogen bulb provides uniform illumination up to 100 mW/cm2 over the 
1 cm2 photoelectrode. Light intensity is calibrated using calibrated single crystal 
silicon solar cells. 

During the most recent phase of the program, internal funding allowed us to upgrade 
the solar simulator and data acquisition system. A Princeton Applied Research scanning 
potentiostat (Model 362) was replace by a Keithley Model 236 source-measurement unit 
(SMU) interfaced to a Macintosh LC computer running LabVIEW software. The new 
system has two significant advantages. Firstly, as described in the results section, we 
were able to eliminate measurement problems associated with transients due to the 
continuous scan mode of the potentiostat. The new system allows variable time delays 
at incremental voltage steps yielding J-V characteristics without hysteresis. Secondly, 
the interfacing of the SMU to the Macintosh allows immediate analysis using our 
equivalent circuit models. Examples are shown in the results section. The 
programming for this analysis was carried out as part of a senior design project in the 
Department of Electrical Engineering. A complete description of the analysis system is 
available as a separate report. 

Other Characterization 

Metal coatings and contacts are tested for contact resistance and/or barrier height using 
conventional semiconductor test equipment in the Physical Electronics Laboratory. 
Film thickness and grid dimensions are measured using a Tencor Alpha-200 
profilometer. Surface morphology is characterized using optical and scanning electron 
microscopy and the profilometer. Micro-Raman with laser excitation in the UV-visible 
part of the spectrum was developed under prior phases. While not heavily utilized this 
year it is a useful tool to characterize the thickness and uniformity of the Pt coverage by 
attenuation of the Si shift, to characterize platinum-silicide formation following heat 
treatment, and to detect metal oxides resulting from heat treatments or photoreactions at 
the electrode surface (14,15). We anticipate greater use of this tool during the next 
contract year as characterization of our metals morphology becomes more important to 
the performance. An integrating sphere for an existing Perkin Elmer Lambda 2 
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Spectrophotometer is being ordered to allow optical characterization of the differing 
electrode configurations. 

RESULTS 

Catalytic Metals 

Figure 1 shows the current-voltage (J-V) behavior of three representative photocathode 
structures reported during the last review meeting. The energy savings shown are 
relative to our best Pt cathode which operates at a bias of -0.3 V (vs SCE) in this 
current range. The best performance represented a solar conversion efficiency of 
2.1%. The system efficiency calculated using the formulation of Bockris and Murphy 
(10) is much higher but not indicative of solar utilization. The results obtained with the 
TiPt grid on bare silicon showed that bubble size and its release from the surface played 
an important role in determining the light generated current. Subsequent experiments 
showed that similar current densities could be achieved without the Ti undergrid with a 
hot KOH polish during the predeposition cleaning. As discussed -in previous reports, 
while the current densities in these experiments were quite good based on the absorption 
characteristics of Si the fill factors and voltages remain low. 

Test System Characterization 

A photoelectrochemical cell producing hydrogen will be operated as a steady-state 
device. Thus the polarization measurements used to characterize the device must be 
indicative of this steady state behavior. Unfortunately, many photoelectrochemical 
systems exhibit short term hysteresis as well as long term instabilities. Following the 
upgrade of our measurement system during this year, we initiated a series of 
experiments to better characterize the measurements including a thorough 
characterization of the stability of the p-Si cathode in acid electrolyte. The objective of 
this effort was to establish test procedures which completely eliminate these short time 
constant transients. 

To assure ourselves that the SMU operating as a four-point probe was able to mimic the 
control of the potentiostat, a simple Pt-Pt electrode system was used to characterize the 
stability of the measurement system. Figure 2, shows the change in the cathodic current 
and the cell voltage for a new Pt-black anode with the cathode fixed at -0.4V(SCE). In 
spite of some degradation of the Pt-black cathode in the initial minutes which causes an 
approximately 10% increase in the overall cell voltage, the cathodic current remains 
quite constant as anticipated for the fixed cathode potential. 
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The next step in the system evaluation was to characterize the effect of the short term 
transients due to adsorption/desorption phenomena and full development of the 
Helmholtz and fluid boundary layer. Figure 3 shows the fuI1 polarization curves 
(forward and reverse scans) obtained using the SNU for different delay times at each 
voltage step for the same Pt-Pt system. While significant hysteresis is observed for a 



delay of 0.1 second, none is observed at the slower speed of one voltage increment per 
30 seconds. Subsequent experiments indicate that a step speed of approximately one per 
10s is suitable. Although steady-state behavior can be approximated at a slow scan rate 
with the scanning potentiostat, it is not well designed for that measurement. Even at the 
slowest scan speed of 2mV second which required an inconveniently long scan time 
some hysteresis was observed. The use of the SMU systkm with independent control of 
the step-size and scan speed greatly simplifies the steady-state characterization of the 
electrode. 

Given the generally low fill factors obtained in previous samples, we were also 
concerned about series losses due to the electrolyte. These effects were explored by 
measuring cathodic current at fixed bias relative to the SCE for different mixing rates 
and electrode orientations relative to the streamflow. Again, Pt cathodes were used to 
minimize the possibility of electrode instability during the tests. Figure 4 shows the 
change in current for a Pt electrode as a function of the mixing of the electrolyte. The 
electrolyte was mixed in a lOOOcc beaker using a "Stir Kool Model SK12" magnetic 
stirrer. Similar 20% increases in the current were obtained with other samples. 
Clearly additional gains can be achieved with better mixing since there was no 
indication of current saturation even at the maximum mixing speed used in these 
experiments. While important, the effective series resistance of the Pt-Pt system even 
without mixing is small compared to those of the platinized silicon electrodes. Until a 
new test system is built with better stirring, the measurements are being made in a 
stagnant fluid for better reproducibility. 

P-Si Stability 

The stability of several types of p-Si photocathodes were characterized by attenuation of 
the current at different bias conditions under AM1 light. Figure 5 shows the 
attenuation of the current at bias conditions ranging from highly cathodic (-0.8volts) to 
only slightly cathodic (-0.25 volts) for several electrodes catalyzed with approximately 
40mC photoelectrochemically deposited Pt. Initial current densities were similar for 
each of these electrodes. Clearly the attenuation, or instability, is much greater under 
the less cathodic conditions although all tests were under hydrogen producing 
conditions. 

Additional insight into the degradation comes from Figure 6 which shows the 
attenuation of an electrode alternately subjected to the extreme bias conditions, repeated 
measurement for 10 minutes at -0.25V(SCE) followed by 30 minutes at -0.8 V(SCE). 
For reference, the two solid lines representing the behavior at the highest and lowest 
bias from Figure 5 are shown. The X symbols show the attenuation measured at the - 
0.8V bias while the 0 symbol shows that at the less cathodic -0.25V. In spite of 
spending 75% of the time at the less cathodic -0.8 V, the attenuation at -0.25 is as severe 
as shown in the previous figure. Our interpretation at this time is that holes diffusing to 
the cathode surface contribute to an oxidation reaction even under the cathodic current 
conditions. The significant differences in the reIative attenuation at the different bias 
conditions are due primarily to the sensitivity of the device to small changes in potential 
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at a bias of -0.25V(SCE). At -0.W the field from the external bias is sufficient to 
overcome the changes in the series resistance and junction characteristics due to the 
oxide formation. Although not shown in the Figures, similar attenuation of the current 
was measured when the platinized photoelectrodes were stored for greater than 64 
hours in DI water during which time it is estimated that 20A of oxide would grow. 
Additional characterization of the mechanism of this instability will be discussed in a 
publication presently under preparation. 

Metal-Schottky Solar Cells 

With the completion of our fabrication facilities, the apparent stability problems with 
the p-Si in contact with aqueous electrolytes, and the difficulties achieving voltages 
consistent with those desired for the bandgap of silicon, we initiated our fabrication and 
characterization of Schottky type solar cells for characterization. The test structures 
were fabricated according to the procedures described in Table 1. 

A typical output from this data acquisition.analysis system is shown in Figure 7 for one 
of the calibration solar cells. The left hand side of this panel shows the input test 
parameters including voltage sweep rate, illumination intensity, cell area and current 
and voltage offsets which are used in the electrochemical cell analysis. The data 
collected during the measurement are used to determine the open circuit voltage, short 
circuit current, fill factor and efficiency. The solid line represents the best fit to the 
equivalent circuit based on the diode parameters shown in the boxes at the bottom of the 
figure. 

Figure 8 demonstrates application of the equivalent circuit analysis to one of our 
fabricated Schottky solar cells. Device "SC 1-2  -4b" incorporates a front-contact A1 
grid evaporated onto the thin semi-transparent titanium Schottky layer. From the 
results of the analysis (displayed along the bottom of the figure), it is evident that this 
MS cell demonstrates good Voc and reasonably good FF. The low level of photo- 
generated current attributed to a relatively thick Ti layer (about lOOA), the absence of 
an AR coating, and the unoptimized non-transparent gridlines limits overall cell 
efficiency to around 4.2%. 

As an interesting comparison, Figure 9 shows the results for a similar device acting as a 
photoelectrode. The Schottky layer incorporated in the cathode of "PEC TEST I "  is 
identical to that in solid-state device "SC I - I  -46". However, in the photocaeode the 
front-contact grid has been replaced by a thin uniform Pt layer to catalytically promote 
charge transfer to the electrolyte. 

The J-V data in Figure 9 are shifted 0.3V, placing the OV reference at the onset 
potential of our best platinum cathodes. Results of the diode analysis utilizing this 
shifted axis are displayed. It is evident that the series resistance in this chemical-cell is 
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higher than the comparable solid-state device (Fig 7) resulting in a degraded FF and 
lower efficiency. While some of the additional resistance is attributable to mass 
transport limitations in the electrolyte, most of it is believed due to charge transfer 
limitations at the catalyst/electrolyte interface. 

On the other hand, despite the platinum overlayer, the photo-generated current has been 
increased by 20% over the solid-state counterpart. Lower reflection losses in the PEC 
configuration could largely account for this effect. The increased current nearly 
compensates the lower fill factor, yielding comparable overall solar-utilization 
efficiencies between the two devices. Additional measurements at variable light 
intensities and different grid densities have been initiated to separate optical and series 
losses in these devices. 

Clearly, the use of the equivalent circuit model provides important insights into the 
performance of PEC converters as well as conventional solid-state cells. We expect this 
approach to prove very extremely useful in optimizing PEC cell efficiency. The 
inclusion of ultra-thin oxide layer to form an MIS structure is expected to boost Voc 
without seriously degrading either FF or Jsc. Other possibilities include minimizing the 
optical losses associated with the Ti and Pt layers by thinning or replacement by fine 
gridlines. These experiments are ongoing. 

CONCLUSIONS AND PLANS 

The laboratory at the University of Hawaii is equipped with the apparatus required to 
fabricate and test photoelectrodes using a variety of materials and device configurations. 
Past experiments utilizing a variety of catalytic metals indicated rather severe 
limitations to the fill factor and voltage of p-Si photocathodes in acid electrolyte. More 
recent results, in contrast to recent reports in the literature, also indicate significant 
stability problems with this material system. As a result, our efforts are being focussed 
on the performance of silicon based devices with solid state junctions. Candidate 
devices for evaluation include high efficiency pn solar cells, high efficiency Schottky 
solar cells, and multijunction amorphous silicon solar cells. Although only the latter is 
capable of generating sufficient voltage for unassisted water splitting, the former two 
will be utilized to characterize the stability and catalytic activity of various protective 
and catalytic films. As discussed in this document, we will utilize the comparison 
between solid state performance and that in the electrolyte to characterize the rate 
limiting processes. The primary diagnostic tool will continue to be current-voltage 
measurements modelled using the diode- based equivalent circuit model. Initial Schottky 
PEC cell efficiencies were over 3%. Several opportunities for improvement in current, 
voltage, and fill factor were identified. During the latter part of this phase, additional 
emphasis will also be place on the characterization and minimization of system losses. 
These two activities will be combined to develop realistic models for use in developing 
high efficiency photoelectrochemical systems for hydrogen production from water. 
The short term efficiency goal is still development of silicon based photoelectrodes 
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yielding net 4% energy savings. The electrode and system models will be used to 
identify the inherent limitations and to design photoelectrodes capable of 6% net energy 
savings. We believe that significantly higher efficiencies will be attainable with proper 
optimization of both the photoelectrodes and system. 
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Figure 1 .  Comparison of energy saving for three p-Si photocathode designs 
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Figure 2 .  Cathodic current stability with Pt-Pt black electrodes 
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Figure 3 .  Effect of scan rate on hysteresis of Pt-Pt black electrodes 
in 0.5M H2S04 
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Figure 7 .  Current-voltage behavior and equivalent circuit analysis of a single 
crystal silicon solar cell used for system calibration 
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DIRECT CONVERSION SYSTEMS BASED ON GainP, 

Shyam S. Kocha, Don Montgomery, and John A. Turner 
National Renewable Energy Laboratory 

Golden, CO 80401 

Abstract 

We have continued to study single crystal electrodes of the ternary semiconductor G W 2  in contact with 
various indifferent aqueous electrolyte solutions. Additional samples were studied to determine flat-band 
potentials and the energetic position of the bandedges for both n- and p-doped GaInP, at the 
semiconductor-eleclyte interphase. Two types of multijunction tandem photoelemchemical devices 
(GaInP2 in combination with GaAs) were also studied. Using a sol-gel process, a platinum colloid in 
water was used to modify the front surface of the tandem cells to catalyze the water decomposition 
process. The gases evolved were measured quantitatively to have a rate of 10-16 ml/hr (illumination 27 
suns) depending on the solid state efficiency of the device. Gas chromatographic analysis of the evolved 
gases gave a ratio of hydrogen to oxygen of 2.8 to 3. We attribute the variation of this ratio from the 
expected 2.0 to corrosion of the semiconductor surface. The corrosion is observable after 10-14 hrs of 
cell operation. Experiments have also been initiated on the use of single n-type G W 2  electrodes for 
water splitting. 

Introduction 

An idealized system for renewable hydrogen production requires that the process be solar driven and use 
water for its source of hydrogen. The system must also be durable and have an efficiency greater than 
10% (solar-to-hydrogen). Photon driven direct conversion systems consist of a light absorber and a water 
splitting catalyst as a monolithic system. The purpose is to split water directly on an illuminated surface. 
This one-step process eliminates the need to generate electricity externally and feed it to an electrolyzer. 
These configurations require only the piping necessary for transport of hydrogen to an external storage 
system or gas pipeline. 

For a semiconductor based photon driven direct conversion system, a photopotential of at least 1.6 volts 
is also required. A further requirement is that the semiconductor band edges must span both redox 
potentials of the hydrogen and oxygen evolution reactions. With a direct bandgap of about 1.83 eV, the 
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ternary semiconductor GaInP2 is a propitious candidate for a direct conversion system. Our work at 
NREL has primarily been concerned with the G W 2  semiconductor based systems. 

Our initial work on GaInP2/GaAs tandem cell devices for water electrolysis was very encouraging. The 
advantages of these tandem devices are: external wiring to interconnect systems is not necessary and high 
the~retical efficiencies are possible due to a greater utilization of the solar spectra. The efficiency of an 
optimized photoelectrochemical water electrolysis system employing these tandem systems is expected to 
be between 10-20% (calculated by assuming a 20-25% solar efficiency and a 7040% electrolysis 
efficiency). 

. Experimental 

Concerns about the operational safety of the MOCVD semiconductor growth systems at NREL required 
that operation of these systems be suspended while building modification were completed. A building 
sprinkler system has been installed and new safe operating procedures have been implemented. The total 
time for modifications and approvals has been approximately 12 months. Consequently, we have been 
unable to request specific sample characteristics. However, we have done considerable work on samples 
previously grown for other purposes. 

G W 2  wafers were grown in-house at NREL, in a vertical, air-cooled reactor at ambient atmosphere using 
metalorganic chemical vapor deposition technique (MOCVD)[ 1,2]. Samples were used as received from 
the MOCVD reactor; no etching was done. The carrier concentrations ranged from 1 ~ 1 0 ' ~  to 1 ~ 1 0 ' ~ .  For 
the G W 2  epi-layers, electrical contacts were made by fusing the back with indium wire. Epi-layer 
samples with ohmic contacts were mounted with epoxy resin such that only the sample surface was 
exposed and the electrical contact was insulated. Sample surface areas were determined using a 
photographic technique. A three-electrode system was used with platinum mesh as the counter electrode, 
an SCE reference electrode and the semiconductor mounted on a stainless steel shaft insulated with Teflon 
as the working electrode. 

Platinum colloids were prepared by reduction of hexachloroplatinate solutions by sodium citrate. This 
procedure is a modification of the method described by Gretzel et al(3). Excess citrate and electrolyte 
were removed by dialysis. The resulting platinum sol had a yellow-brown color, but remained transparent 
with no light scattering. Atomic absorption spectroscopy measured the concentration of platinum in 
solution to be about 1 0 - ~  M. 

The tandem cells were received as a four-cell array with a back contact of evaporated gold. They were 
first cleaved into individual units using a diamond scribe. Care was taken to ensure that the cell surface 
was not scratched. Gold grids ( which act as frontside contacts for the original device and cover 5% of 
the front surface area) were removed by etching with a dilute ammonium hydroxide and hydrogen 
peroxide solution (2:l:lO NH40H:H202:H,0 by volume) prior to modification by platinum colloids. The 
front surface of the tandem cells was modified with the colloidal catalyst using a sol-to-gel process, 
resulting in a nearly transparent metal coating on the device. This technique yielded superior results when 
compared to photoelectrochemical deposition of platinum, which in our hands gave spotty heterogeneous 
films and appeared to induce photocorrosion of the G W 2  surface under the deposition conditions 
employed. For water electrolysis experiments, the modified tandem cell was mounted to a glass slide 
using RTV silicone rubber and the edges of the device insulated from the electrolyte solution using the 
same material. For some experiments, a piece of platinum foil was attached to the back of the device 
using silver epoxy. 
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A spcial sealed, jacketed and thermostated cell was designed for the water electrolysis studies. This cell 
allows for the separation and measurement of gases evolved from the front and back surfaces of the 
tandem cell (figure 1). Illumination of the electrolysis cell was accomplished using a 250 W Oriel 
tungsten halogen quartz lamp (illumination intensity = 27 suns). The rate and quantity of gas evolved was 
determined using volume displacement of water from a burette. 

A Perkin-Elmer 8500 gas chromatograph was used to analyze the composition of gases generated by the 
photoelectrolysis, The canier gas chosen was argon, since it has a thermal conductivity below that of both 
hydrogen and oxygen. 

All chemicals were reagent grade. For some experiments with the single crystal electrodes, the electrolyte 
in the cell was purged of air by bubbling high purity nitrogen. During measurements nitrogen was passed 
over the cell to pwent any disturbance at the interface. Distiled water, further purified by passing 
through an ion exchange system, was used for electrolyte preparation and sample rinsing. 

Results - Epi-Layer GalnP, 

Experiments were carried out on additional samples of epi-layer GaInP2 The samples show considerable 
variation in the positions of their band edges (fig 2). Based on the samples studied thus far, the n-type 
samples show more promise for water splitting that the p-type. 

When n-type G W 2  samples coated with platinum were illuminated, bubbles were seen evolving from 
both the semiconductor surface and the platinum counter electrode. Hydrogen evolution was much higher 
at the platinum electrode than oxygen evolution at the n-type electrodes. At around 15 minutes the 
semiconductor electrodes began to discolor and gas evolution ceased, although hydrogen continued to be 
evolved from the platinum electrode. 

No gases were seen to evolve when p-type GaInP, was illuminated. 

Results - Tandem Device 

Initial studies of some relatively low efficiency tandem devices in the photoelectrolysis cell have been 
completed. Tandem devices studied thus far had open circuit photovoltages ranging from 1.5 to 1.9 volts 
(as photovoltaic devices) and photovoltaic efficiencies from 9 to 11%. In every case hydrogen and oxygen 
evolution is observed from the illuminated side of the device when immersed in acidic solution (pH < 0 
). The light to hydrogen conversion efficiency was measured for one device (with a measured 
photovoltaic efficiency of 9%) to be approximately 8%. No hydrogen bubble evolution was observed 
when the tandem photoelectrolysis cell was illuminated in neutral or basic solutions. Some photocorrosion 
was observed in all cases. However, the devices appear to be very robust and continue to evolve hydrogen 
gas after substantial photocorrosion. The oxygen evolution observed did not to have the correct 
stoichiometry. 

Discussion 

The splitting of water using the n-type GaInP2 represents the first time that a semiconductor with a 
bandgap of less than 2.OeV has’ shown the capability of decomposing water. The discolorization is 
assumed to come from decomposition of the semiconductor surface. Since n-types are expected to be less 
stable for water splitting this is not an unexpected situation. However, experience with other n-type 
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system (e.g. CdS) show that with proper surface pretreatment, the stability can be considerably enhanced 
141. 

Our study of additional tandem devices showed that they all decomposed water with varying degrees of 
efficiency and stability. All the samples evolved hydrogen and oxygen simultaneously on the illuminated 
side of the electrode. One of the hypothesis for this behavior was that this is due to the surface of the 
device being n-type GaInP2 We were able to obtain a tandem cell with a surface layer of p-type. In acid 
solution this sample produced hydrogen at the highest rate measured, 17 mVhr. However, oxygen 
continued to be co-evolved on the illuminated side with hydrogen. The gas ratio was 8:l (H2:02). In 
basic solution, the tandem cell with the p-type surface layer produced gas at a much lower rate (about 1 
ml/hr) with a ratio of 2.2:l (H2:02). 

Work thus far is still encouraging. The MOCVD reactors for the production of GaInPz will be operational 
at NREL in the summer of 1992. For FY92 we will concentrate on experiments involving the single 
crystal epi-layers. We will study various etching procedures in order to obtain a reproducible and stable 
surface. Several surface pretreatments for n-type samples are known that will provide a more stable 
surface. preliminary work on the deposition of platinum films on p-type and RuOz deposition on n-type 
will be completed. We also hope to obtain tandem cell devices fabricated specifically for water 
electrolysis. Our goal continues to be a stable photoelectrochemical water electrolysis cell operating at 
over 10% light-to-hydrogen efficiency. 
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Fig. 1 

Fig. 2 

Water electrolysis cell design. 

Bandgap edges calculated from flatband potentials for different samples of GaInP2 in 
electrolytes of pH = 2.1. 
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DEVELOPMENT OF SOLID ELECTROLYTES 

FOR WATER ELECTROLYSIS AT 

INTERMEDIATE TEMPERATURES 

Clovis A. Linkous and Darlene Slattery 
Florida Solar Energy Center 

C a p e  Canaveral, FL 32920 

Abstract 

New polymers are being sought to function as solid electrolytes that would enable 
water  electrolysis at elevated temperature or steam conditions. Such 
electrolyzers would benefit from faster kinetics, easier water  management, and 
decreased thermodynamic voltage requirement. The approach is to examine 
existing engineering polymers for their s t e a m  resilience under oxidizing and 
reducing conditions. Those polymers showing exceptional performance will be 
chemically derivatized to make them ion-conducting. Previous work on over 40, 
polymers has identified a number of families that can withstand steam in the 300 
C range and higher. Of these, polybenzimidazoles (PBI), polyetheretherketones 
(PEEK), and polyethersulfones (PES) were selected for chemical derivatization and 
further testing. Sulfonation via electrophilic aromatic substitution has been the 
basic ionomerization strategy. Conductivities and current/voltage curves 
comparable to existing perfluorocarbon sulfonate solid electrolytes have been 
obtained; however, long t e r m  operation at  elevated tempera$ures may be affected 
by the sulfonation/desulfonation equilibrium between HSOJ and H20. 

Background 

Advantages in Performing Water Electrolysis at Elevated Temperature 

If an electrolyzer could operate a t  higher temperatures, several benefits would 
accrue. The first is that the thermodynamic electrical energy requirement to 
drive the reaction would be reduced. As shown in Figure 1, supplying the total 
enthalpy of reaction at any temperature involves a combination of electrical and 
thermal energy inputs. Because of the positive entropy associated with water 
decomposition, the thermal contribution increases as  temperature rises, allowing 
the free energy requirement to decrease. 
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Thus the open circuit voltage, V,,, for water splitting drops as temperature rises. 
A t  room temperature, V,, for w a t e r  decomposition is 1.229 V. A t  400 C, voltage 
requirement has dropped to 1.1 V; at 1000 C, it is only 0.92 V. Since electricity 
is an expensive form of energy on a btu basis, the more energy taken from the 
thermal surroundings the better. 

Moreover, this thermal energy content could be solar-derived. While the cost of 
solar thermal energy varies in the range of $360-900/peak kilowatt, the installed 
cost of photovoltaic electricity is in the range of $8,000- 10,00O/peak kilowatt. 
Thus if one is compelled to erect an array of photovoltaic panels to generate the 
e.m.f. necessary to split water, substituting as much area with thermal collectors 
as possible represents a substantial cost savings. 

Another thermodynamic consideration arises from the phase change of water from 
liquid to gas as  temperature increases and its effect on thermoneutral voltage. 
The thermoneutral voltage, Vtn, for an electrolytic cell is the voltage equivalent 
of the total enthalpy change for the reaction of interest. A t  this cell voltage, 
the heat generated due to the excess voltage over V,,, or the overpotential, 
exactly compensates for thermal energy to be withdrawn from the system. Thus 
when the applied voltage equals Vtn, the electrochemical cell neither releases nor 
absorbs heat from the surroundings. 

For water decomposition at 25O C, the enthalpy is 68.32 kcal/mole; the voltage 
equivalent entails dividing the previous t e r m  by the conversion factor 46.12 
kcal/mole/V to yield 1,481 V. A t  100, C, liquid phase, V,, has dropped only 
slightly to 1.469 V. After the isothermal conversion of water  to s t eam,  however, 
the reaction enthalpy is reduced by the heat of vaporization, 9.77 kcal/mole. 
This translates into a drop in V,, of 212 mV. Thus cell voltage can be lowered 
below 1.3 V in a steam electrolyzer before even having to deal with running the 
cell in the endothermic mode and providing an external heat supply. 

A second benefit in s t e a m  electrolysis is that activation barriers for the various 
electrode surface chemical reactions are more easily surmounted as temperature 
increases. As it stands now, expensive noble m e t a l s  are frequently required in 
electrolyzers based on polymeric membranes to keep cell voltages acceptably close 
to the thermodynamic value. For a unit operating at  higher temperature one m a y  
be able to substitute cheaper, less catalytic metals with higher intrinsic 
activation energies toward 02 and H2 evolution. 

This same consideration m a y  likely be applicable to the electrolyte itself. Ionic 
motion in solids is frequentiy mo$eled as  a hopping process, where the mobile 
ionic species, in our case H , H30 , or OH-, makes activation-limited jumps from 
one binding site to an adjacent one. Thus one could anticipate reduced ohmic 
overpotential loss from the electrolyte as well. 

A third benefit derives from the engineering advantages to be had by being able 
to work with exclusively a gadsolid system. Water management can become a 
complicated issue when it is a feedstock and/or an effluent from an 
electrochemical system, while maintaining a steady state water content inside the 
vessel. If the proton transfer mechanism inside the electrolyte did not require 
the presence of water to be functional, one would not have to worry about w a t e r  
balance inside the system, and also may be able to obtain dry hydrogen, thus 
avoiding the cost of a desiccant bed in the collection line. 
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Combining all the above considerations, one can estimate the practical energy 
savings by operating at elevated temperature. A s  results will show in the 
research progress section, it is conceivable that a polymer electrolyte can be 
developed which could function at 6003 K, or 327, C. A t  that temperature, V,, 
= 1.109 V and V,, = 1.268 V. That leaves 8 159.1 mV voltage equivalent of thermal 
energy to be uptaken, or 2,72 kcd/mole. Realistically, one should allow for 100 
mV of overpotential due to IR losses, m a s s  transport effects, etc.. That gives an 
operating cell voltage of 1.209 V, with 59.1 mV to be supplied from external 
thermal sources, or 12.5 % of the total enthalpy requirement. 

In contrast, current state-of-the-art solid polymer electrolyzers run at greater 
than 1.75 V at 80° C. Since the operating voltage is about 500 mV greater than 
V,, and some 280 mV greater than Vtn, more than enough heat is derived from 
the electrical power supply; moreover, provision must be made to remove heat 
from the s y s t e m .  ' Assuming that the heat source used to produce s t e a m  turbine- 
derived electricity can also be used to provide btu's directly to the electrolyzer, 
and that the electricity generation process operates at 35 % thermal efficiency, 
one can envision nearly a 30 % energy savings based on the primary thermal 
energy source: 

- 11.75 v/o.35) - r(i.209 v/o.35) t 0,0591 vi  x 100 = 29.7 % 
(1.75 V/0.35) 

One can speculate on how the additional endothermic heat over and above that 
contributed from the excess voltage would be supplied to the system. The first 
approach would be simply to heat the input steam to a sufficiently high 
temperature that the endothermicity could be extracted from the superheated 
steam. The 59.1 mV heat equivalent referred to above may not s e e m  like a 
significant quantity, but actually corresponds to a temperature drop of 315 
degrees C if supplied by just enough steam to drive H2 evolution. Assuming that 
one must avoid condensation inside the cell, 100, C is the minimuom acceptable 
temperature at 1 a t m ;  that demands an input temperature of 415 C, which is 
probably too high in terms of materials stability. 

Alternatively, one could simply supply excess steam to the system and not 
require total conversion to O2 on the first pass. This would also serve to control 
m a s s  transport overpotential losses. To maintain good thermal . efficiency, 
however, one should attempt to recycle or otherwise make use of the unused heat 
content of the steam feed. Finally, one could jacket the electrolyzer and supply 
heat to it directly in a loop separate from the reactant stream using steam or 
other working fluid. 

Current Proton Exchange Membrane Technology 

In principle, this type of electrolyzer would include any electrolyte consisting of 
a polymeric material that could be fabricated into a gas impermeable membrane 
that could transport ions necessary to support water electrolysis. In practice, 
polymer exchange membrane technology, or PEM, has come to mean those cells 
employing a perfluorinated hydrocarbon sulfonate ionomer, such as Dupont's 
Nafion. Originally developed as a substitute for other types of cell separators 
utilized in the chlor-alkali industry, it  has come to occupy a place of prominence 
in the search for more efficient, less expensive ways to electrolytically produce 
H 2' 

- 
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To exhibit protonic conductivity, Nafion must be pre-swelled with water, usual1 
by boiling it. In this state it has a conductivity of order of 0.01 (ohm-cm)- . 
In comparison to a 1 M HC1 solution (0.1 (ohm-cm)- ), it  is a factor of 10 too 
resistive, but when thought of as  a proton-conducting solid electrolyte, it is at 
least a factor of 100 more conductive than most other examples. The uptake of 
water can amount to 28% by weight. 

To maintain the conductive state, the ionomer membrane must remain in contact 
with external water. Depending on the application or circumstance, this may not 
be possible. For example, in a H2/02 SPE fuel cell, the gaseous H2 reactant 
s t r e a m  must be humidified, or else the SPE membrane will dry out. In the case 
of the water electrolyzer, one would not consider this to be ,a  problem, as  water 
itself .is the reactant. What does happen is that there is a substantial 
throughput of water,  coming out of the cathode compartment along with the 
electrochemically produced H2. 

7 

The water uptaken into Nafion is for the most part free and unbound, since it 
is quickly lost once temperature exceeds 100 C. By pressurizing the system, one 
can increase operating temperature to 125 C. 

By the t i m e  temperature has been raised to 150 C, the thermal stability of the 
perfluorinated ionomer itself is brought into question. The normally light brown 
or clear membrane irreversibly becomes dark and brittle. Thus one cannot 
operate SPE cells a t  temperatures above 125 C. 

The sulfonated ionomer is acidic in nature, and so other components, especially 
the anode and its external electrical contacts, must have some corrosion 
resistance. To date this has required that the anode be either a noble metal 
such as Pt or a transition metal alloy based on Ir or Ru. 

Development of Intermediate Temperature Solid Electrolytes 

A t  the current level of water electrolysis technology, there exists an 800-900 
degree gap in which there are no electrolytic systems suitable for water 
electrolysis. Even if one includes all of the fuel cell technologies that  could 
possibly be run in reverse, such as phosphoric acid at up to 180 C and molten 
carbonate as low as 600 C, there still exists a 400 degree gap. In t e r m s  of 
striking a balance between faster kinetics and lower open circuit voltage by 
raising temperature, and reducing corrosion and materials compatibility problems 
by lowering it, operation in the 200-400 C range appears to be desirable. 

Most efforts to develop high temperature proton conductors have involved 
hydrated inorganic oxides. A less explored avenue would be to consider 
engineering polymers, those specialized polymers whose structures allow them to 
be used in applications requiring extremes of temperature and corrosivity. 
However, since they were developed for other applications such as flame 
retardant materials, seals for electronic components in hostile environments, and 
autoclavable medical supplies, their behavior in an electrolytic situation at  
elevated temperature has not been well characterized. 
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Results 

In the previous contract period, over 40 different polymeric materials, each 
known for their thermal and chemical resistance, were examined under steam/02 
and steam/H2 conditions. This was  done to simulate conditions that would be 
observed in the anode and cathode compartments of a s t e a m  electrolysis cell. Of 
these, several polymer families showed good stability: liquid crystal aromatic 
polyesters, polybenzimidazoles, and some of the polyimides were stable at 200 C .  
The polyphenylene sulfides, polysulfones, polyethersulfones, the various 
polyketones, and some of the polyimides were stable at 300 C. None of the 
polymers tested could 'withstand the combination of steam and O2 at 400 C; 
however, some of the polyketones did survive at 400 .C under the reducing 
environment. 

In the current contract period, steam testing of polymers was kept to a minimum. 
Instead, emphasis was  placed on selecting a few of the most promising candidates 
and trying to make ionomers (polymers containing ionic groups) out of them. 
More specifically, with water electrolysis in mind, we wanted these ionomers to 
be proton-conducting. Consequently, derivatization with acidic groups was 
attempted. , 

Steam Stability of New Polymer Candidates 

As for new candidates, two additional ones were examined, Their structures are 
shown in Figure 2. One was  Syntorg, a polyphenylquinoxaline made by CMOTA. 
Obtained as a solution in cresol and xylene, it was cast and cured in-house to 
prepare solid membranes for testing. 

It was  subjected to the s a m e  regimen as all the previous samples: Samples were 
weighed out (typically in the 100 mg range), placed in alumina boats, and then 
inserted into a stainless steel autoclave. Hydrogen and oxygen test gases were 
put through a steam generator set to 81.7 C, so that the effluent would be 0.5 
a t m  in water vapor. The sample was tested under s team/Hz and steam/02 at 200 
C for 24 hr. If both trials yielded less than 1.5 % weight loss, then the polymer 
would be examined at 300 C. Those satisfying the same criteria at 300 C would 
be examined a t  400 C. 

Results for the polyphenylquinoxaline are shown below: 

% Weight loss over 24 hr  period 

atmosphere T=200 C 300 C 400 C 

0 -1.86 -6.20 

+O. 13 -0.51 -87.32 

While 0 2 / H 2 0  at 400° C was clearly too severe, the other tests showed reasonable 
stability. The 400' C reading under H2 is particularly impressive. Of all the 
polymers studied to date, the Syntorg did the best under H2, save for possibly 
some of the polyetherketones. 
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Another polymer examined was EYMYDTM, made by the Ethyl Corporation. While 
structurally similar to some of the polyimides studied previously, the 2-propenyl 
linkages are fluorinated, thus imparting additional stability with the s a m e  logic 
employed as in the development of poly( tetrafluoroethylene) and other 
perfluorinated polymer. 

Results for the fluorinated polyimide are shown below: 

% Weight loss over 24 h r  period 

atmosphere T=200 C 300 C 400 C 

H 2/H 2 0  0 0.80 -45.4 

0 2 / H 2 0  +O. 13 0 -79.0 

While not stable at 400° C under either circumstance, excellent stability was 
exhibited at 300° C. This material will be kept in mind for use after the ongoing 
sulfonation work has been concluded. 

Ionomer Development 

Many of the polymers of interest consisted of lY4-disubstituted phenyl groups 
separated by any of a number of linkages: 

-EX-(phenyl)-Y-(phenyl)-24 phenyl)], , 

0 CH3 0 

CH3 0 
where X,Y,Z = -0-, -C-, -C-, -S-, -S-, etc. 

For PEEK, X = Y = -0-, Z = -CO-; for PES, X = -SO2-, Y = -0-, etc. 

Based on the thermohydrolytic stability measurements made in the lag- projec 
period, polyetheretherketone (PEEK), polyethersulfone (PES), and 
polybenzimidazole (PBI) were selected for chemical derivatization. 

Sulfonation w a s '  chosen as the initial method. The objective was to attach 
sulfonic acid groups onto the phenyl rings. While PES only has a single unique 
phenyl ring to interact with, PEEK has two types, those between -CO- and -0- 
linkages, and those between two -0- linkages. The basic repeating monomer unit 
for PEEK is shown in Figure 3. It remains to be determined which ring type is 
most susceptible to sulfonation. - 
PEEK was  sulfonated via dissolution in concentrated sulfuric acid at room 
temperature for a few days. The product was precipitated by addition dropwise 
into water. This white product was stored we t  tu avoid crosslinking. Membranes 
were prepared by dissolving the product into DMF and casting the solution onto 
a glass dish or substrate. 

PES was  sulfonated by dissolving into 25% oleum for 24 hours at room 
temperature. Sulfonation was  assured simply by the drastic change in solubility. 
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While normally soluble in chlorinated hydrocarbon solvents like 1,Z-dichloroethane, 
after reaction it w a s  soluble in any of the polar solvents. Either the SO3 content 
of the oleum was  too powerful a sulfonating agent, or the polymer was  more 
susceptible to the sulfonating action than PEEK. A t  any rate, as of this t ime  the 
sulfonated PES remains in solution while means of precipitating it are being 
considered. 

Some initial examination of PBI was  made, dissolving in concentrated sulfuric acid 
and reprecipitating, but as of this writing no serious attempt at sulfonation of 
PBI has been made. 

Characterization 

The first step in electrolyte characterization w a s  to prepare thin f i lms  or 
membranes of the various polymers. Since all of the base polymers of interest 
were obtained from the vendors in powder form, means had to be sought to 
reformulating them. 

PEEK w a s  an especially intractable sample, resisting all attempts at dissolution. 
Fi lms  were finally prepared by utilizing its comparatively low glass transition 
temperature (143O C). A combination of heat and pressure, coupled with the use 
of mold release agents, enabled PEEK membrane fabrication. 

PBI f i lms  were prepared via dissolution into DMF, While this technique worked 
for regular and oxidatively annealed PBI, a third type, phosphorylated PBI, w a s  
found to be insoluble. The phosphorylated PBI could be dissolved in 
concentrated phosphoric acid, but dilution with water simply caused an 
uneventful reprecipitation of the polymer. 

Clear, smooth f i lms  of PES could be prepared via dissolution and casting from 
dic hloroethane. 

Water content of the polymers was  examined by first drying in the oven at  looo 
C for 1 hour, weighing, and then boiling in water  for another hour, to be 
followed once again by weighing. Results are shown below: 

Sample 

PEEK 

PBI 

annealed PBI 

N a f  io n ( T*) 

W a t e r  Content 
after boiling (weight %) 

. 2.0 

21.4 

13.9 

13.1 

PES - 32.9 
SPEEK 52.3 

The results for PEEK showing limited w a t e r  uptake w a s  consistent with its 
solubility behavior. Water uptake for the PBI’s was slightly above expectation, 
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possibly due to the lower density of the solution-cast film versus that of a melt 
extrusion. Nafion was  somewhat less than expected, as results commonly u p  to 
28% are observable. The PES result was rather surprising, as it is marketed as  
a structural material in autoclavable medical supplies. Once again, lower density 
of a solution-cast film is a likely explanation. On the other hand, one would 
expect the -SO2- linkages to possess some hydrogen-bonding ability and thus 
some attraction for water. 

Finally, the sulfonated PEEK, or SPEEK, showed a 100% weight gain after swelling 
with water. Some of the first SPEEK samples actually dissolved during the 
boiling process. The degree of sulfonation was so great that some type of fiber 
reinforcement or crosslinking may be necessary to stabilize the membranes. . 

To see how well the SPEEK wquld behave as a solid electrolyte, an electrochemical 
cell was  set u p  using 1.0 in gas diffusion electrodes consisting of 0.5 mg/cm2 
Pt  supported on carbon cloth. Temperature inside the cell was raised to 80° C, 
as  a 1:l mixture of argon and steam was supplied. Voltage was applied across 
the cell and the resultant current measured. 

The current/voltage curve for the SPEEK is 
obtained for Nafion is included for comparison. 
applied voltages, current levels for the SPEEK 
leading material. While not run under optimized 
an encouraging result. 

shown in Figure 4. A curve 
It  was observed that at higher 
actually exceeded those of the 
conditions, this nevertheless is 

Future work 

We have uncovered perhaps half a dozen families of engineering polymers that 
show exceptional resistance to the corrosive effects of steam. A common thread 
among them is the large proportion of fused and pendant aromatic rings in their 
backbone structure. Effective means for their derivatization has been 
established, so that we eventually should be able to make sulfonic acid ionomers 
from any of the candidates, a t  any degree of sulfonation. 

The next step should be to consider sulfonation itself as  a means of synthesizing 
high temperature polymers. A t  some temperature there may be a barrier, where 
the presence of steam will effect the &sulfonation of the ionomer. Furthermore, 
sulfonic acid polymers will likely all be hydronium ion conductors, i.e., condensed 
water is required to solvate and transport the mobile protons. Requirement of 
maintaining the liquidus state inside the membrane will l imi t  operation to about 
175O C, corresponding to the boiling point at 10 atmospheres. New types of acid 
groups need to be identified that will indeed behave as acids without the leveling 
effects of water at 200°, 300°, and higher. 

Finally, theoretical studies of protonic motion or transport through the organic 
polymeric solid state would be appropriate. If protonic motion is found to occur 
largely in the absence of water, then a new theory distinct from the Grotthus 
mechanism will need to be developed. The traditional approach to ionic transport 
in the solid state, where the mobile ion occupies .a fixed position in a crystalline 
lattice and jumps via thermal activation through an activation barrier to an 
adjacent site may be inadequate. Theories developed for solid . state polymer 
motion, such as  the "free volume" approach, may prove more satisfactory. 
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figure captions 

Figure 1. Energy relationships in water electrolysis 

Figure 2. Structures of polymers tested for hydrolytic stability 

Figure 3. Structure of a polyetheretherketone 

Figure 4, Electrolysis curves for SPEEK and Nafion'm) 
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SEMICONDUCTOR PHOTODECOMPOSITION OF 

WATER AND SEA WATER ELECTROLYSIS 

Guang H. Lin*, Muzhi He and John O'M. Bockris 
Department of Chemistry 

Texas A&M University 
College Station, TX 77843 

Hydrogenated amorphous silicon selenium alloy was prepared by plasma enhanced chemical vapor 
deposition with hydrogen dilution. The alloy films exhi%ited a low hydrogen content and a dense 
amorphous network. The light induced photo conductivity degradation and light induced variation 
of dangling bond density of the alloy films were investigated under intense light illumination. The 
results show that amorphous silicon selenium alloy is a stable semiconductor material for the photo- 
electrochemical devices. A theoretical calculation about sea water electrolysis by pulse methods is 
presented. The initial experiment showed that the electric pulse sea water electrolysis is a promise 
method for the hydrogen production. 
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Introduction 

Amorphous silicon based alloys have proven to be attractive semiconductor materials with wide 
application in the photovoltaic and photo-electrochemical devices [ 1,2]. Amorphous silicon solar 
devices fabricated by glow discharge deposition promises low cost production of large area solar arrays 
on inexpensive substrates. However, the most serious obstacle of amorphous silicon based solar 
device is the light induced instability. One possibility of reducing the light induced degradation is to 
add suitable alloying element into an amorphous silicon network to compensate the light-induced 
defects [3], and to reduce the hydrogen cdncentration [4]. 

Selenium atoms were chosen for alloying amorphous silicon for the investigation of light induced 
instability. There are two reasons for this selection. The first is that bond strengths and bond lengths 
of the two elements, Si and Se, are similar [SI. The magnitude of both Si-Si and Se-Se bond lengths 
is 1.17 A [6]. The corresponding bond strength of &.s is 78.1 kcal/mol [q and I& is 79.5 kcal/mol 
[SI. Thus, the addition of selenium atoms into an amorphous silicon network would not create many 
structural defects. The second reason is that selenium atoms can be bonded in a double Si vacancy 
in a Si tetrahedral structure [9]. No unpaired electrons are formed in this position. Unpaired 
dangling bonds will be removed or terminated by Se atoms [5]. Correspondingly, it is expected that 
the hydrogen content will be decreased by alloying with Se. 

A hydrogen dilution technique was used in preparing high quality amorphous silicon germanium and 
amorphous silicon carbon alloys [lo-131. A denser amorphous network, hence an improved film 
quality, were experimentally found when amorphous silicon sulfur alloy was prepared in hydrogen rich 
environment [14]. This is caused by selective etching of the hydrogen ions in the fresh born surface. 
A corresponding hydrogen dilution technique has been used in preparing the silicon selenium alloy 
and device quality alloy has been achieved [15,16]. 

In this report, the material properties of amorphous silicon selenium alloy deposited with hydrogen 
dilution were studied. The light-induced photo conductivity degradation of amorphous silicon 
selenium alloy was investigated under intense light illumination. No significant decay of photo 
conductivity was observed under light soaking. The light induced change of defect density of the alloy 
was measured and compared to that of amorphous silicon. It was concluded that the new amorphous 
silicon selenium alloy is a stable semiconductor material. 

The production of large amounts of hydrogen from direct or indirect solar energy in remote locations 
may depend on the availability of water supply. Thus, hydrogen production by using saline solution 
such as ocean and brackish water was considered. However, direct application of sea water in photo- 
electrochemical cell may rise to the environmental hazard associated with chlorine production and 
disposal. In this report, a electric pulse technique for reducing chlorine evolution in sea water 
electrolysis is suggested and an initial experiment is given. 
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Experimental Results And Discussion 

(I). 

Amorphous silicon alloy films were deposited by plasma enhanced chemical vapor deposition 
( P E W )  method in a two chamber system. The base pressure of the reaction chamber prior to the 
film deposition, was lower than 10' torr. A radio frequency (rf) power with frequency 13.6 M H z  was 
capacitively coupled into the reaction chamber by a parallel plate reactor. The spacing between the 
two rf electrodes was 1.4 cm. The typical rf power density during the film deposition was 0.10 W/cm2. 
The deposition conditions, substrate temperature and gas pressure in the reaction chamber, were 
varied to determine the way these change influence the film quality. The typical substrate 
temperature during the film deposition ranged fiom 230 "C to 350 "C. The gas pressure in the 
reaction chamber changed from 650 mtorr to 1200 mtorr. 

Material Properties of Amorphous Silicon Selenium Alloy: 

The reactants were silane, hydrogen, and hydrogen selenide. The silane flow rate and hydrogen flow 
rate were maintained at 13.5 standard cubic centimeter per minute (sccm) and 108 sccm, respectively. 
The flow rate ratio of the alloying gases to silane, however, were adjusted according to the desired 
alloy composition at the film preparation. The experiment range of hydrogen selenide to silane was 
0.5 - 6 %. 

Film quality is strongly dependent on deposition rate. The photo response variation of amorphous 
silicon selenium alloy as a function of film deposition rate is shown in figure 1. The light to dark 
conductivity ratio decreased as the deposition rate increased. As the figure indicated, change in the 
magnitude of light to dark conductivity ratio from 103 to 10s were recorded for the alloy films 
deposited with hydrogen dilution, which were much higher than those of Se alloy films deposited 
without hydrogen dilution, and indicated that the film quality of amorphous silicon selenium alloy 
deposited with hydrogen dilution is better than that of alloy prepared without hydrogen dilution. An 
interesting feature of figure 1 is that almost all the deposition rates of the alloy films prepared with 
hydrogen dilution were lower than those deposited without hydrogen dilution, the other deposition 
parameters being similar, which means that the selective etching out weakly bonded film precursor 
by hydrogen ions during the film growth reduced the film deposition rate and hence improved the 
film quality. 

A denser amorphous network was created by selective etching of hydrogen ions in the rf plasma, 
which is one reason that film quality was improved by hydrogen dilution. This can be noticed from 
the variation of the refractive index and B factor in the Tauc formula [17] with alloying element 
concentration. Fig. 2 shows the B factor of amorphous silicon selenium alloy as a function of Se 
composition in the Hm. An increasing value of the B factor means there is a larger absorption 
coefficient, hence a denser network of the films. It was found that all films deposited with hydrogen 
dilution had greater B factors than those prepared without hydrogen dilution. The B factor decreases 
as the selenium concentration increased in the alloy film prepared without hydrogen dilution. 
However, a different tendency was observed for an alloy film deposited in a hydrogen rich 
environment. As Se concentration increased from 0 to about 7 at.%, the obtained B factors were 
increased. This means that when a small amount of Se atoms was incorporated into amorphous 
silicon network, the Se atoms would partly replace the spaces, which were normally occupied by 
hydrogen atoms. These Se atoms have the same function as hydrogen, terminating the dangling 



bonds in the film [5]. Thus, a small amount of Se atoms introduced into the alloy will create a dense 
amorphous structure. However, when large amount selenium atoms, more than 7 at.%, were 
incorporated into amorphous silicon, the structure defect, caused by different sizes of two atoms (Si 
and Se), became a dominating factor, and thus, reduced the B value of the alloy films. The light to 
dark conductivity ratio of amorphous silicon selenium alloy as a function of B factor is shown in Fig.3. 
As expected, an improved film quality was observed when the B factor increasing. 

The refractive index of the alloy, measured at the wavelength of 600 nm, as a function of Se 
concentration in the film, is shown in Fig. 4. The refractive indexes of the films deposited with 
hydrogen dilution were greater than those deposited without hydrogen dilution. Similar to the B 
factor variation, the refractive indexes of the films prepared without hydrogen dilution decreased as 
Se content increased. However, the refractive index of the alloy films prepared with hydrogen 
dilution were slightly increased, with the value from 4.2 to 4.4, when the Se atomic percent increased 
from 0 to 7. A reduction in the value of the refractive index was observed at Se concentrations 
greater than 7 at%. 

Both refractive index and B value show that an aSi:Se:H alloy deposited with hydrogen dilution has 
a superior quality to that of a-SkH up to 7 at.% Se concentration. 

Hydrogen bond form is changed by hydrogen dilution at the film deposition. Figure 5 shows the 
Fourier transform infra red (FlTR) absorption spectra for the amorphous silicon selenium alloy films 
deposited with and without hydrogen dilution. The FIlR signal of an amorphous silicon sample is 
also shown in Fig. 5. The peak positions of amorphous silicon and amorphous silicon selenium alloy 
deposited with hydrogen dilution are almost the same, at 2000 cm-', which means that the dominate 
hydrogen bond form is Si-€€ However, the position of the main absorption peak of amorphous 
silicon selenium alloy was shifted to 2100 cm-' when the film was deposited without hydrogen dilution. 
Thus, the main bond form of amorphous silicon selenium alloy deposited without hydrogen dilution 
is Si-H,. As the figure indicated, more than 80 % of hydrogen is in the Si-H bond form for the Se 
alloy prepared with hydrogen dilution. On the other hand, less than only 25 % hydrogen is in the 
Si-H form, 75 % of hydrogen is in the Si-H, bonds for the alloy deposited without hydrogen dilution. 
This shift was caused by the selective etching by hydrogen ions during the film deposition. The 
hydrogen contents of the Se alloy film was obtained from the FIlR spectrum. It was found that the 
hydrogen content of Se alloy deposited with hydrogen dilution was about 5.1 %, lower than that of 
amorphous silicon, 6.8 %. In an amorphous silicon network, hydrogen atoms are mainly used to 
terminate dangling bonds. The reduction of the hydrogen content in the films indicates that the 
hydrogen atoms have been partly replaced by alloying atoms in amorphous silicon selenium alloy. 
The electron spin resonance (ESR) experiment showed, that dangling bond density of the alloy was 
almost constant upon increasing the selenium alloying [5]. Thus, it is reasonable to conclude that 
selenium atom is a good dangling bond terminator. 

Since the hydrogen bond form shifted from SiH, to SiH when preparing the alloy film in a hydrogen 
rich environment, it is expected that the film quality will be improved by depositing the alloy with 
hydrogen dilution, consistent with the results obtained from light to dark conductivity ratio. 

The surface topology of the alloy film was observed by scanning tunneling microscopy (STM). STM 
surface structures of amorphous silicon selenium alloy are shown in Fig. 6a to Fig. 6d. The film 
surface are very smooth in the 4 - 8 &div range (see Fig. 6a and Fig. 6b). However, the film shows 
steps in the large scale (see Fig. 6c and 6d, with 50 - 100 &div range). The depth of the step is about 
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(II). Light Induced Instability of Amorphous Silicon Alloys: 

Amorphous silicon selenium alloy as a Stable amorphous silicon semiconductor material had been 
reported at the 1991 Hydrogen Program Review Meeting. In this report, the light induced 
degradation and ESR signal variations of amorphous silicon alloy under intense light illumination are 
described. 

The light degradation experiment of alloy film under intense light illumination was performed by 
using Oriel lo00 W quartz tungsten halogen (QTH) lamps. The diameter of the light is about 7.5 
cm. A 3 inch diameter lens with focus length 3.8 cm was used to focus the light into a high intensity. 
The sample was held on a heat sink, which is made of copper and is cooled by means of a Haake AS 
temperature controller. The sample temperature was measured by means of a thermo-couple. In 
the intense light illumination experiment, the sample temperature was controlled at the room 
temperature and the sample temperature variation was less than & 1 “C. The light degradation of 
amorphous silicon selenium alloy f h  illuminated with 178 sun light is shown in Fig. 7 A  The photo 
conductivity keeps almost constant under the intense light illumination. A suddenly drop of photo 
conductivity (about 1/3) was observed after 2 hour illumination, which is equivalent to 7.23 year at 
24 hour per day, or 21.7 year at 8 hour per day. The photo conductivity degradation of another 
amorphous silicon selenium alloy sample under 178 sun illumination is shown in Fig. 7B. Very little 
light degradation was observed in 3 hours of illumination. Another set of experiments was carried 
out in which the alloy sample was illuminated by intense light of 71 sun. The light spot on the alloy 
film under 71 sun light illumination, which is much bigger than that under 178 sun, covers all the 
space between two aluminum electrodes used for the conductivity measurements. A typical result 
is shown in Fig. 7C. No light degradation of amorphous silicon selenium alloy was observed in about 
14 hour light illumination. 

The variation of defect density of the alloy sample under intense light illumination was observed by 
ESR measurement. The experiment was carried out at liquid helium temperature. The experimental 
procedure is as follows. A sample was firstly annealed at 240 “C for 30 minute in a dark vacuum 
chamber. Then, the sample was immediately transferred to EPR-300 for the ESR measurement. The 
results are shown in Table I in the column of annealing state. After ESR measurement, the sample 
was illuminated by 18 sun light for about 1 hour. Finally, the sample was transfer to EPR-300 again 
for the ESR measurement. The results were shown in Table I in the column of exposure state. The 
experiment results of an amorphous silicon selenium alloy and an amorphous silicon comparing 
sample are listed in Table I. Very little increases of spin density (about 10 %) of amorphous silicon 
selenium alloy samples were observed. Larger spin density increasing was observed for the 
amorphous silicon sample. It is concluded that light degradation of the amorphous silicon sample 
does indeed come from the creation of dangling bonds by exposure to the light. 

Table I Spin Density at Different States 

It 

Films Spin Density (spins/cm3) Spin Density (spins/cm’> 

a-SkH 2.4 x los 9.5 x 10” 

a-Si:Se:H 8.8 x 10“ 9.7 x 10” 

at Annealing State at Exposure State 
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@I). Amorphous Silicon Selenium Alloy Photo Celk 

The preliminary experiment by using stable amorphous silicon selenium semiconductor material for 
the photo-electrochemical application was performed. A pin structure was fabricated, which consists 
of p and n doped amorphous silicon thin layers and an i region made of intrinsic amorphous silicon 
selenium alloy. A typical i-v curves under dark and light illumination are shown in figure 8. The pin 
structure displays good rectification, about 103 for v = 0.5 V. Current density under 1 sun light 
illumination close to 1 Man2. 

(IV). Sea Water Electrolysis by Pulse Current Method. 

Direct application of sea water in the photo-electrochemical cell produced more than 70% of 
chlorine, which would give rise to an environmental hazard. An electric pulse technique is suggested 
here to reduce chlorine evolution. In the sea water electrolysis, Ct ion (solvated by one water 
molecule) would move towards the anode. According to the Grothuss mechanism of proton defect 
conduction, OH- ions move towards the anode by means of proton exchange with neighboring waters. 
Thus, transport of OH- to the anode is effected by H' ion migration in the opposite direction. The 
size and mass of chlorine and hydrogen ion is different so that these two ion have different speeds 
in an electric field, which provided a theoretical basis for a pulse technique. The pulse height of the 
positive pulse is greater than 2 volts for the effective hydrogen evolution, and the height of negative 
pulse is about 1.2 volts, which prohibits the hydrogen production at the anode. The pulse duration 
time is chosen such that the chloride ion will not arrive at the interface between the anode and 
solution. The dynamic equation of an ion in the solution can be expressed as 

dv 
dt 

m- = eE - 67rrr)v 

where m is the ion's mass, v is the speed of the ion travelling to the anode under an electric field E, 
e is electric charge, r is the radius of the ion, and 77 is the viscosity of the sea water. The solution 
of this equation is 

where x is the distance travelled by of the ion in time t. The pulse duration is chosen such that the 
chloride ion, moving under the electric field in the diffusion region, will not enter double layer. 
Suppose the ohmic voltage drop in the sea water electrolysis is about 0.5 volts, and the distance 
between two electrode is 1 cm, the diffusion region is about 7 the radius of chlorine ion is 1.81A, 
77 is about 0.01 g cm-'s-', the calculated pulse duration time is about 0.3 msec. The initial experiment 
shows that the chlorine evolution drop to 28 % when a 0.1 msec electric pulse was applied to the sea 
water electrolysis system. The future experiments will be designed for the complete reduction of 
chlorine evolution. 

50 



Future Researches 

Amorphous silicon alloy pin solar cell will be deposited by PECVD method. The solar cell 
characteristic will be investigated. Electrochemical device consists of a multi-junction solar cell and 
coated with catalysis for the hydrogen and oxygen evolution will be fabricated for the hydrogen 
production. The fabrication parameters, the catalysts will be investigated for obtaining higher solar 
to chemical conversion efficiency. Sea water electrolysis with electric pulse technique and chlorine 
dissolution method will be studied. 

Conclusion 

Device quality amorphous silicon selenium alloys were fabricated by hydrogen addition in the 
PECVD process. The material properties were investigated. The light induced stability and defect 
density variation were studied under intense light illumination. The results reveal that amorphous 
silicon selenium alloy is a stable photovoltaic material. An amorphous silicon selenium pin structure 
was fabricated, which exhibited a good rectification. Successive electric current pulses were suggested 
for reducing chlorine evolution in sea water efectrolysis and the initial experiments are promising. 
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Fig. 1 

Fig. 2 

Fig. 3 

Fig. 4 

Fig. 5 

Fig. 6A 

Fig. 6B 
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Fig. 6D 

Fig. 7A 

Fig- 7B 
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Fig. 8 

Figure Captions 

Conductivity ratio of a-Si:Se:H versus deposition rate. 

B factor in Tauc formula versus Se concentration. 

Variation of conductivity ratio as a function of B factor. 

Refractive index as a function of selenium concentration. 

FTIR transmittance spectra of Se alloys. 

STM image of an a-Si:Se:H film (4 Ndiv). 

STM image of an a-Si:Se:H fih (8 Ndiv). 

STM image of an a-Si:Se:H film (108 adiv). 

SIFM image of an a-Si:Se:H film (54 Ndiv). 

Photoresponse variation of an a-Si:Se:H film at 178 SUB light illumination. 

Photoresponse variation of an a-Si:Se:H film at 178 sun light illumination. 

Photoresponse variation of an a-Si:Se:H film at 71 sun light illumination. 

I-V characteristic of amorphous silicon selenium alloy pin structure. 
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Abstract 

The objectives of this project are to develop advanced proton exchange membrane water 
electrolyzers to be coupled with electricity generating power plants utilizing renewable energy resources 
(solar, wind, biomass, etc.). The emphasis is on attaining high energy efficiencies (~75%) and high gas 
generation rates (>1A/cm2), to minimize power consumption and capital costs. Hydrogen, thus 
produced, wil l  find wide applications in the chemical industry and as an environmentally acceptable, 
pristine fuel. The accomplishments, on the FY 1991 contract, to date are (1) optimization of structure of 
membrane and electrode assembly by Nafion impregnation of electrodes, which .are then hot-pressed to 
the membrane; (2) selection and evaluation of non-noble metal electrocatalysts for the hydrogen 
evolution reaction - nickel ruthenium oxide shows a high level of performance; (3) investigations of 
proton conducting membranes, other than Nafion. The cells with Dow's peffluorinated sulfonic acid 
polymers were operated at 2A/cm2 and about 2V; and (4) studies on the bifunctional mode of operation 
(same unit operating as electrolyzer and fuel cell) which yield encouraging results - efficiency close to 
40% at 200 m/A/cm2. The tasks which wil l  be carried out during the remaining period on the contract 
awarded in FY 1991 are (i) reduction in noble metal loading in the anode and cathode so as to reduce the 
cost of these materials to below $20/kW. The tasks which are proposed for FY 1992 are (1) engineering 
design, construction and testing of scaled-up single and multi-cell stacks; (2) investigations of non-noble 
metal electrocatalysts for the hydrogen electrode and of electrocatalysts with reduced noble metal loading 
for the oxygen electrode; (3) optimization of structure of membrane and electrode assembly to achieve 
high energy efficiencies in proton exchange membrane regenerates fuel cells; and (4) investigations of 
anode depolarizes to reduce electric power consumption and remove organic contaminants from water. 
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OBJECTIVES 

The objectives of this project are to develop advanced water electrolyzers for coupling with 
electricity generating power plants using renewable energy resources - solar, wind, biomass, etc. The 
emphasis is on attaining high energy efficiencies (>75%) and gas generation rates (>1 A/cm2), in order to 
minimize electric power consumption and capital costs of such types of electrolyzers. Efforts are focused 
on developing proton exchange membrane water electrolyzers, which have the highest potential for 
attaining these goals. In view of hydrogen energy systems becoming increasindy attractive for terrestrial 
applications, prospects of this unit functioning in the regenerative mode (electrolyzer - fuel cell) are also 
investigated. 

BACKGROUND 

Hydrogen is widely used in the chemical industry - refining of petroleum, production of 
ammonia, synthesis of methanol, hydrogenation of fats and oils, reduction steps in the metallurgical and 
semiconductor industry, etc (1). Furthermore, the prospects of using hydrogen as a clean and 
environmental fuel are increasingly attractive because of pollution problems and global-warming caused 
by the utilization of fossil fuels (2,3). A hydrogen energy system (electrolyzer, hydrogen storage - fuel 
cell) is a good option for storage and utilization of electricity, generated from renewable energy 
resources, solar, wind, biomass, etc. In such cases, there is an obvious interest in regenerative systems, 
i.e., operation of the electrochemical cell in electrolyzer and fuel cell modes. At present, the cost of 
hydrogen production by electrolysis using state-of-the-art electrolyzers with alkaline electrolytes is higher 
than that by conventional methods - steam-reforming of natural gas or higher hydrocarbons, coal 
gasification (1). However, if the cost of delivered hydrogen as compressed gas in cylindem is taken into 
account, its on-site generation may be more economical. 

Hydrogen production using a proton exchange membrane water electrolyzer (PEMWE), is a 
promising alternative to the conventional alkaline water electrolyzer (AWE). In order for the PEMWE 
technology to be competitive with AWE technology, it is vital to reduce the capital cost by: (i) operation 
at high gas generation rates (>1A/cm2); (ii) lowering or eliminating the noble metal requirement; and (E) 
discovering low-cost proton conducting membranes. Furthermore, it is necessary to reduce the electricity 
consumption by attaining high energy efficiencies (hydrogen chemical energy output/electric energy 
input) at the high gas generation rates. In electrochemical terminology, this means that the goals are to 
attain current densities of over 1 Ncm2 at cell potentials close to 1.8 V. Long lifetimes (>lOy ) of these 
electrolyzers are also essential to effectively amortize their capital costs. High efficiency PEMWEs, first 
developed by the General Electric Company, are based on platinum electrocatalysts for the cathode and 
Ru - Ir - Ta oxide electrocatalysts for the anode (4-7). Further improvements in performance have been 
made by roughening the surface of the membrane (8) and by using composite structures. Progress in this 
technology referred to as the MEMBREL technology have been reported, at Brown, Boveri and Cie (one 
of the partners in the company ABB) in this type of electrolyzer by developing prototype units (100 kW), 
(10). Recent advances in proton exchange membrane fuel cell (PEMFC) technology, by impregnation of 
a proton conductor (Nafion) into the porous gas difision electrode to increase the three dimensional 
reaction zone (U), have stimulated this approach, in our Center, to decrease the noble metal requirements 
in PEMWEs. 

WORK PLANNED FOR FY 1991 

The PEMWE project in our laboratory was initiated in our laboratory in FY 1990. The 
preliminary results obtained in FY 1990, were reported at the previous DOE/SERI Hydrogen Program 
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Review Meeting in Washington (January 1991) and was published in its proceedings. As an outcome of 
this work the following tasks on this project were proposed to DOE/NREL for FY 1991: (i) Construction 
of Baseline Electrodes, (ii) Electrodes With Reduced Noble Metal Loadings, (iii) Characterization of 
Electrodes, (iv) Alternative Electrocatalysts, (v) Alternative PEM Materials, and (vi). Bi-functional 
Structures. 

PROGRESS MADE DURING FY 1991 

1. CONSTRUCTION AND PERFORMANCE EVALUATION OF PROTON EXCHANGE 
MEMBRANE WATER ELECTROLYZER WITH BASE-LINE ELECTRODES AND 
MEMBRANES 

Several constructions of PEMWEs with proton-conducting polymer (Nafion) coated electrodes 
were tested. The electrodes consisted of high-surface area electrocatalysts deposited on fine metallic 
meshes. The water electrolyzers with RuIrTa oxide-coated titanium gauze anodes and Pt-black coated 
stainless steel gauze cathodes exhibit performances, which depend on the modes of assembly of the cell. 
In order to elucidate the influence of the three dimensional interface (electrocatalyst - electrolyte ( PEM ) 
- gas ) on the performance of the electrolyzer the following methods of assembling, 5 cm2 cell, have been 
tested: (i) a RuIrTa oxide - coated titanium gauze anode was assembled with a Nafion membrane and a Pt 
gauze cathode (Pt gauze cathode was used in order to maintain uniform electrocatalytic activity); (ii) a 
RuIrTa oxide - coated titanium gauze anode was impregnated with Nafion solution - 2%, (0.6mg 
Nafion/cm2) after which it assembled as in case (i); (iii) RuIrTa oxide-coated titanium gauze anode was 
hot-pressed on the membrane at T=140'C, and P=200kg/cm2. The cathode was placed on the opposite 
side of the membrane and the electrode assembly was then introduced into the single cell test fixture; (iv) 
a RuIrTa oxide - coated gauze anode was impregnated with Nafion solution - 2%, after which it was 
pressed on to the membrane at T=130°C, and P=200kg/cm2. The cathode was placed in position and the 
cell was assembled as in case (iii); (v) a RuIrTa oxide - coated titanium gauze anode and a Pt-black 
coated stainless steel gauze cathode were impregnated with Nafion solution - 2%, (both with 0.6 mg 
Nafion/cm2) which was followed by hot-pressing the electrodes onto the membrane at TO=130°C and 
P=200kg/cm2. The experiments on these single cells made it possible to vary: (i) the electrochemically 
active surface area of the three-phase boundary (electrocatalyst - electrolyts - gas) by impregnating the 
electrodes with Nafion solution: and (ii) the electrolyte resistance, by alternative methods of preparation 
of the membranes and electrode assembly. The cell potential (E) vs. current density (i) plot for water 
electrolysis may be expressed by the equations: 

E =E, + b logi + Ri 
where Eo = E, ba log &,a - bc log 

and b = b, + bc 

In these equations, E, is the reversible potential for water electrolysis, ba and b, are the anodic and 
cathodic Tafel slopes, io,, and io,, are the anodic and cathodic exchange current densities and R is the 
ohmic resistance of the cell. The experimental results are shown in Fig. 1, and Table 1. 
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Table 1. 
Effects of Mode of Assembling of Cell on Electrode Kketic and Mass Transport Parameters for Water 

Electrolysis using Proton Conducting Membranes 

Mode of Assembly 

(i)Anode/ Membrane/ 
Cathode Mechanically 
Pressed 

(ii) Nafion-Impregnated 
Anode/Membrane/Cathode 
Mechanically Pressed 

(Xi Nafion Impregnated 
AnodeNembrane Hot- 
Pressed at 140'C, Cathode 
Mechanically Pressed 

(iv) Anode Nafion 
Impregnated Anode 
Membrane Hot-Pressed at 
130°C Cathode 
Mechanically Pressed 

(v) Nafion Impregnated 
Anode and Cathode Hot- 
Pressed to Membrane at 
130°C 

E,,V b, mV/ R,QRm Water 
dec Transport, 

1.43 122 

1.336 103 

1.387 127 

1.31 86 

1.82 

1.13 

3.2 

4.1 

1.79 2.5 

0.58 4.1 

1.26 106 0.26 4.2 

From the data in Table 1 and Fig. 1, it follows that optimizing the interfacial re@on improves the 
performance of the cell. By hot-pressing the electrodes to the membrane, the electrolyte resistance 
decreases. As seen in Figure 1 and Table 1, the best performance in a single cell was obtained by Nafion 
impregnation of the electrodes and hot-pressing of these electrodes to the Nafion membrane. It must be 
noted from Table 1, that lower values of E o  represent higher electrocatalytic activities. Lower values of b 
also wi l l  be more advantages. Table 1 shows approximately the same values of b, indicating that the 
mechanisms of the half-cell reactions are the same. The decreased value of E- with Nafion impregnation 
indicates increase of the electrochemically active surface area. 

Water is transported from one electrode to the other in PEMFCs by two methods: (i) migration 
with the hydrogen ion - (H20)xH+, due to the potential gradient; and (ii) diffusion, due to the 
concentration gradient. In order to separate these two amounts of water, two different types of 
measurements were carried out: (i) measuring of the total amount of water carried over with the 
hydrogen, and (ii) passing dry gas (argon), at the same rate as the hydrogen evolution rate, through the 
cathodic compartment at zero current. The first measurement yields the amount of water transported by 
the two methods, while the second measurement yields transport due the concentration gradient. The 
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difference in values between two measurements is equal to the water, crossing the PEM by migration 
with the proton values. The data, for the 5 cm2 cell, assembled, as was described for case (v), are shown 
in Fig. 2 curve (1) represents the total amount of the water crossing the PEM while curve (2) represents 
the amount of water which is carried with the dry gas, and curve (3) represents the difference. The results 
in Fig. 2 shows that the rate of water transport across the membrane by migration with the proton varies 
linearly with current density. By using Faraday's laws on these results, the number of water molecules 
transported per proton was calculated and it was found to be practically independent of current density 
(Table 1). 

2. ALTERNATIVE ELECTROCATALYSTS 

Substitution of the noble metal electrocatalysts with non-noble ones for electrochemical 
technologies is a researchers dream. The proton exchange membrane is an acidic e n ~ n m e n t  
(approximately 0.1 N H2SO4 ). In this media, most transition metals are not stable, particularly at the 
anode, where the electrochemical potential is usuaUy considerably higher than the reversible potentials 
for transition metal deposition/dissolution reactions. However, the potential of the cathode in water 
electrolyzers is relatively low and these metals should probably be stable in the environment. Thus such 
metals or alloys may be candidates as electrocatalysts for hydrogen evolution. The investigations on this 
task on some selected electrocatalysts were made in alkaline medium to overcome problems of their 
instabilities in the PEM environment. The idea was that by modifying the alloys of Ni or metaVmetal 
oxide electrocatalysts (NiiuOx) the stability could then be enhanced. 

The electrocatalytic activities of the three materials (MoAl, NiAl, Ni-RuO2) for hydrogen 
evolution were investigated (Table 2). These three cathodes, prepared by plasma deposition (NiAl, 
MOM) or thermal deposition (Ni-RuOa, were studied in 30 weight percent NaOH between 25" and 
90°C. 

This electrolyte was selected because of the need to find electrocatalysts for hydrogen evolution in chlor- 
alkali cells or in sea water electrolysis in cells with ion exchange membranes. The current-potential plots 
recorded for these electrodes are shown in Figure 3. The elecmatalytic activity of the MOM alloy is 
low compared to that of NiMo based alloys (Ni4oM04o(B,Zr)~o) prepared in our laboratory, in spite of 
the very high roughness factor due to the loss of aluminum. The results obtained on the two other 
materials were much more interesting. The plasma-deposited nickel-aluminum alloy exhibited an 
overpotential of only 93 mV at a current density of 300 mA/cm2. At the same current density, the 
overpotential at the Ni/Ru02 electrode was 80 mV, this very good behavior is due to a low Tafel slope 
(40 mV/dec at 25°C and 23 mV/dec at 90°C). In order to evaluate the ratio between the real surface area 
and the geometrical surface area, an ac-impedance study to determine the double layer capacitance was 
performed. Assuming a 25 pF capacitance for a flat surface, the roughness factor is 800 of the nickel- 
aluminum alloy and 150 for the nickel-ruthenium oxide material. The improvement of the 
electrocatalytic properties is due to an increase of the roughness factor for the nickel-aluminum, and to an 
inherent electrocatalytic effect for the Ni/Ru02 electrode. There is a significant effect of temperature on 
the performance of Ni/Ru02 electrode, as seen in the Tafel plots in Fig. 4. 



Table 2 
Study of Mom, NiAl and RuOUNi in 30% NaOH 

Tafel parameters and overpotentials at different temperatures from 25" to 90°C 

MoAl 

NiAl 

Exch. Current 

RuO2/Ni 

Temperature Tafel Slope Exch. Current Overp. at 
"C mV/dec. mA/cm2 300 mA/cm2 
25 40 0.1 210 
35 32 0.09 167 
50 27 0.1 127 
70 26 0.18 95 

- 90 23 0.35 80 
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Because of the very good performance of the thermally deposited ruthenium oxide on nickel 
electrode, several compositions of the nickel-ruthenium system were investigated. The ruthenium 
content was varied between 10 and 30 weight percent. The powders were prepared by mechanical 
alloying using the ball-milling technique. Their compositions were determined by using EDAX, and the 
strucmres were examined using X-ray diffraction. The electrocatalytic activities for hydrogen evolution 
were determined in 30 weight percent NaOH at 90°C. The powders were mixed with Teflodacetylene 
black and then pressed on to the nickel screens using a 200 kg/cm2 pressure, to obtain a 2 cm2 pellets. 
In Figure 5, are the Tafel plots for three powder samples mechanically alloyed for one hour, with the 
ruthenium content ranging from 10 to 30 weight percent. Firstly, these alloys were found to be very 
active for the hydrogen evolution reaction in alkaline media, when compared to that of nickel. The 
amount of ruthenium was found to be very important for the electrochemical activity. A second study 
involved an investigation of the effect of activation on the electrocatalytic activity. The methods, which 
were used, were thermal oxidation, electrochemical oxidation and use of a Ni/Ru02. Fig. 6 shows the 
Tafel plots for these samples. The Ni/RuO2 sample exhibits the best performance. 

A TGA analysis in an oxygen atmosphere showed two oxidation signals: one at 450'C due to the 
oxidation of the nickel and one at 550°C due to the oxidation of the ruthenium. X-ray analysis of the 
oxidation products reveal that almost all the nickel but only a part of the ruthenium was oxidized. The 
electrochemical study of the powder oxidized at 600'C for 12h showed an improvement in the activity 
for hydrogen evolution reaction, An electrode prepared with the nickel-ruthenium powder was 
maintaining for 2h at +180 mV vs Hg/HgO. After this treatment the electrode showed a significant 
improvement of the activity - an overpotential of 110 mV at a 300 mA/cm2 current density. Another set 
of alloys was prepared by ball milling the nickel and the ruthenium oxide. These alloys exhibited a n  
overpotential of 47 mV at a 300 mA/cm2 current density. The potential was found to be stable over a 
three day period. 

3. ALTERNATIVE PEM MATERIALS 

The examination of the performances of PEMWEs with proton conducting membranes, show the 
importance of conductivity of the membranes on the performances of the cells, particularly at high 
current densities. The materials in this investigation include the fluorinated sulfonic acid membranes 
from the Dow Chemical Company, and Asahi Chemical Industry Co. Figure 7 shows the effect of 
temperature on the cell potential vs. current density plot in a PEMWE with a Dow membrane in the range 
34" - 97°C. The electrodes were Nafion impregnated and consisted of a RuIro 5Tao 5 Ox/Ti anode and a 
gas diffusion electrode with unsupported platinum (Johnson Matthey, Inc.) & a cakode. An excellent 
performance of the cell potential of 1.8 V at 1 A/cm2, was obtained at a temperature as low as 5OoC. 
This good performance is mostly due to the lower ionic resistance of the Dow membrane. One problem 

-is that Dow membrane was found to be not as mechanically stable as the Nafion membrane. A third 
membrane which was examined is the Asahi Aciplex S membrane. Though this membrane has a higher 
equivalent weight than the Dow membrane (1000 vs 800), but a lower one than Nafion (1100), the ionic 
resistance in this cell is very similar to that of Dow. Such a result was also obtained in investigations of 
PEMFCs in our laboratory. The performance characteristics of water electrolyzers with these three 
membranes are shown in Fig. 8 and Table 3. 



Table 3 
Effect of Proton Conducting Membranes on Electrode Kinetic, 
Ohmic and Mass Transport Parameters for Water Electrolysis 

Membra Eo, V b, rnV/dee R Water 
ne Transp. 

Nafion 1.26 86 0.26 4 
Dow 1.3 90 0.11 3 
Asahi 1.4 98 0.2 2.8 

4. Bl-FUNCTIONAL STRUCTURES 

The electrochemical cell was tested as a fuel cell by feeding hydrogen and oxygen to the 
electrodes. As the electrodes are composed of different materials, two configuratiok are possible and the 
best results were found when hydrogen is oxidized at the Ru21rTaOx electrode and oxygen reduced at the 
Pt-black electrode, i.e. a reversed configuration with respect to the gas evolution mode. The experiments 
were carried out at different pressures of the reactant gases and at different temperatures. The results of 
the fuel cell experiments, plotted as cell potential vs. current density are shown in Fig. 9 It is clear that by 
increasing of temperature and pressure, the performance of the fuel cell increases. The efficiency of the 
regenerative fuel cell (electric to electric) showing the best performance to date is plotted as a function of 
the current density in Fig. 10. At a current density of 100mA/cm2, the energy conversion efficiency is 
about 50%. The stability of the fuel cell mode was ascertained in a 100 hour test at 100mA/cm2 current 
density. The cell voltage was constant at 0.6 V. 

POTENTIAL FOR FUTURE WORK 

As is evident from section pertaining to Progress Made During FY 1991, of the six tasks 
proposed for FY 1991, four are near completion. For the remaining period of work on this contract, the 
stress will be on (i) reduction in noble metal loading in the anode and cathode, so as to reduce these 
materials to cost of below $20/kW, and (ii) life-testing of the most promising electrodes and of the 
membranes by canying out experiments in which half and single cells potentials are determined as 
functions of time at a constant current density under the optimum operating conditions of pressure and 
temperatures. The results of the work obtained to date are quite promising to develop proton exchange 
membrane water electrolyzers, operating at high energy efficiencies and high gas generation rate and 
utilizing electricity derived from photovoltaic or wind generator power plants. The tasks which are 
proposed for FY 1992 are: 
(i) Investigations of non-noble metal catalysts for hydrogen electrode and of electrodes with reduced 
noble metal loading for oxygen evolution; 
(ii) Optimization of structure of membrane and electrode assembly to achieve high energy efficiency in 
proton exchange membrane regenerative fuel cells; 
(iii) Engineering design, construction and testing of scaled-up single and muiti-cell stacks; and 
(iv) Investigations of mode depolarizes to reduce electric power consumption and remove organic 
contaminants from water. 
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FIGURES CAPTIONS 

Fig. 1. Cell Potential Vs Current Density Plots for Water Electrolysis at 90°C with 
Ru2IrlTalOfli Gauze Anode Using Different Modes of Assembling. 

Fig. 2. Rate of Water Transport vs Current Density Plot for Water Electrolysis at 9O'C with 
Ru2IrlTalOfli Gauze Anode, Nafion Impregnated, Hot-Pressed at 130°C: (1) Total Amount of Watec 
(2) Amount of Water with Dry Gas; (3) DifferenceBetween (1) and (2). 

Fig. 3. Tafel Plots for Hydrogen Evolution on Ni-RuO2, Ni-Al, and M O A  Electrocatalysts in 
30% NaOH at 90°C. 

Fig. 4. Effect of Temperature on Tafel Plots for Hydrogen Evolution on Ni-RuO2. Electrolyte is 
30% NaOH. 

Fig.5. Effect of Ru Contest in Ni-Ru Electrocatalysts on Tafel Plots for Hydrogen Evolution in 
30% NaOH at 9WC. 

Fig. 6. Effect of Method of Oxidation of Ni/RuOx on Tafel Plots for Hydrogen Evolution in 30% 
NaOH at 9O'C. 

Fig. 7. Effect of Temperature on the Cell Potential vs. Current Density Plot in a PEMWE with a 
Dow Membrane in the Range 34" - 97°C. The Electrodes Were Nafion Impregnated and Consisted of a 
RuIro.5Tag 5 Ox/Ti Anode and a Gas Diffusion Electrode with Unsupported Platinum (Johnson Matthey, 
hc.) as a cathode. 

Fig. 8. CelI Potential Vs Current Density Plot for Water Electrolysis at 9O'C with 

Fig. 9. Effect of Temperature and of Pressure on &e Cell Potential vs. Current Density Plot in 

Ru2IrlTalOxEi Gauze Anode Using Different Types of Proton Conducting Membranes. 

H2/02 Fuel CelI Mode, RuIro 5Ta0 5 Ox/Ti Anode, R Cathode, Nafion Membrane. 

Fig. 10. Efficiency of Regenerative H2/02 Fuel cell as a Function of Current Density with 
RuIro.gTa0.5 O,/Ti Anode, Pt Cathode. Temperature 90°C, 5 am. Pressure During Fuel Cell Operation 
and lam. Pressure During Electrolysis. 
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ORGANIC AND INORGANIC GR31CONDIJCTORS FOR PHOTOCELLI3 

BY 

Shahed U . M .  Khan, Zheng Y e  Zhou and Shimin Zhang 
Department of Chemistry, 
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Pittaburgh, PA 15202 

IBSTRAC" 

To determine the best possible properties of semiconducting dye materials an 
expression of. current density involving various properties of two organic dye layers 
(n-type and p-type) was developed (model I). 
detail since this was found to generate highest total photocurrent density, 
photovobtage and collection efficiency among the three basic models we studied and 
reported in the last annual report. This b t e l  1 system was then put in stacks in 
model 2 that generated maxilnum photocurrent density and collection efficiency, 
such cells in stack8 were found optimum. 
strongly on mobility of photogenerated carriers 
coefficient of light, A maximum theoretical collection efficieny of about 14% was 
found for the mobility of 2.0 cmps-lV-i and the average absorpthn coefficient of 
light,o( = 3xlO* cm-1 for model 2 ,  These values were found comparable to those 
experhietally observed for photoelectrochemical solar cell involving Ru dye covered 
TiOr as reported recently by Gadzuk. 

films of Cadmium Telluride! afnce this has near ideal band gap (1.5 eV) to tap  most b€ 
the solar lijht. 
electrodeposition and also by spray pyrolytic method. Importantly, by contolling the 
electrodeposition potential it was poaible to control the band gap and the 
conductivity type (n-type or p-type) of  CdTe electrode. Pyrolytically syntheaized 
CdTe was optimized with respect to spray time and gave rise aome what higher current 
denei t y  for water splitting reaction compared to those prepared electrochemically. 

This model 1 va8 chosen to study in more 

Six 
The photocurrent density wa8 found to depend 

as well as on abaorption 

Among inorganic semiconducting material we have studied the photoreeponse of thin 

To minimize the cost thin fflms at CdTe waL8 prepared by both 

INTRODUCTION 

The increasing need to develop inexpensiye and renewable energy sources has 
greatly expanded the research efforts on aolar cell eyetems. #oat of the recent and 
earller studies on solar cells mainly involved inorganic semiconductors which needed 
expensive purification and fabrication procedures. 
organic semiconductars could be also good candidate8 t o  be used in a d a r  celle(1-41* 
In this report we present results of further studies on an efficient model of solar 
eel1 structure chasm from our earlier studies (see last  report, 1991) with two dye 
layers. 
further studied to f j n d  tbe beat system parameters for  an efficient solar call 
structure. we have further compared the results of collection efficiency of organic 
dye solar cell with  that observed experimentally in a photoelectrochentical aolar call 
involving ruthenium dye covered TiOm electrode. We are a160 reporting here the 
photoresponse of electrochemically and apray pyrolytically aynthesj zed thin €j Lms of 
CdTe semiconductor since CdTe has near ideal band gap to harneaa most of the solar 
light. 

Only recently it was realized that  

The expressions of photocurrent density involving the properties of  dyea Were 
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THE WDEtS 

Uodel 1 

I n  this model 1, one n-type and one p-type semiconducting dye layers were used, 
The schematic diagram of model 1 is given in Figure 1. 

Photocurrent Deneity: 

The diffusion equations for thia model were solved and the photocurrent density 
for hole flux was obtained aB, 

= 11 +&, Y l  = In1 -4s* 21 = 11 + 

Hence, total wavelength dependent ’photocurrent density, ip {N can be expressed as, 

Thc total  photocurrent density i s  
% ;Is 

i p f t o t a l )  = [ ( N d h  + {W (>)dE;I 
3 where .Bt and ?Z are the lower and upper fjmjts of wavelength of light that are 

absorbed by the n-type semiconducting dye and& and ?, are those for the p-type 
semiconductor. 

(12) 
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nodel 2 

This model 2 involves the  model 1 in 8taCk8 as ehown in the schematic diagram in 
figure 2. 
waa conaidered as a unit cell (model I) and then rnulti units of t 3 i s  solar cell were 
stacked in series. In each unit same thickness o€ dyes, the lifetime of  photoexcited 
carriers and t h e  absorption coefficient of light in the dye Were coaeidered (cf Fig. 

In this model, combinations of one n-type and one p-type semiconducting dye 

21 
Let the transmittance of one cell and that o f  conducting eubstrate be f and g 

res ectively, then light intensity after the i t h  u n i t ,  fi  can be repr8seatad .aB 
rollows, 

It = bgI1-r = . * + * . * =  ( fgPIo  (131 

the amount of light absorbed by the nth unit equals to (1 - f l t - 1 .  
absorbed by sl unit  An is 

Hence, the l i g h t  

M 

= Io (1-f) (l-frg*) 1 (1-fg) ' =' 
Am = I1-f)Il-l = I o ( 1 - f )  ( fg ) l - l  

(14) 

Thus, light absorbed by a rnulti unit cell, increaees by a factor of h, reprssented 
as f 

whe e i p P ( ; h )  and i p l  (a) are given by equations (1) and (6) re pectjvely. 

(151 

be obtained as, 

(16) 

The t o t a l  photocurrent density for the absorption of light far such etacked rnultiunlt 
cell system can be expresoed as, 

COLLECTION EFFICIENCY 

The collection efficiency, eff can be obtained using the relation 7 
where Vp is the photovoltage of the cell and W (solar) is the intensity of eolar 
spectrum of AH1 in watt. 

THE MODEL SYSTENS AND PAWHETERG IJSED 

For model 1 the solar cell, SnOg / Dimethyl Perylene Tetracarboxylic & I d /  
Chloroaluminum Phthalocyanine /Ag and fo r  model 2,  the model 1 in stacks were used 
for calculations. For simplicity, the order of magnjtude values of the  diffueioa 
coefficient of photoexcited electron, D = 2.56x10-* cd/sec, the lifetime of 
photoexcited electron', 7'= 1x10-9 sec, the dif fus ion length of photoexcj ted electron, 
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Ln = 1.6~10-6 cm and the diffU6iOn length of photoexcited holes, t p  = l,.6xlO-* cm were 
used far all model calculations. Sunlight Am1 was used for in tens i ty  of light, I CPT* 
8-1 (wavelength)-% and also W(so1ar) in watt. 

PREPARATION OF CdTe THIN FZMS 

(1) E&ECTRODEPOGTTLON : 

Cathodic depoaition of CdTe films were made from acidic solutfoff on Tin oxide 
glass that served as a low-cost substrate. 
wae! 0.5 !4 unpurified cdS01 (which contained 0.002% Cu and 0.5ppm As) 
the RTeOo+ concentration were kept constant by keeping the electrolyte aaturated with 
TeOo by having TeOs present a8 a second phase, 
electrode were used as a counter and a reference electrode, reapectively. The 
electrodes were immersed into a thermo-regulated bath. 
and G Model 362) was used for the patentiostatic depoeition of CdTe fjlats and also f o r  
photoelec t rochemical meaeursments under applied potential . 
carrled out under potential control a t  0.2-0.6V Vs Ag/AgC1 reference electrode at 836c 
+ 2Oc. To determine the optimum depaaitian time, the Tin oxide glass was 
electroplated at -0.4V Ve Ag/AgCl far 30, 60, 90 and 120 minutes, respectively. The 
annealing of the f i l m  were carried out at 25Ooc in a nitrogen or helium atn108phere. 
To determine the optimum annealing t i n e ,  the CdTe films ( prepared by 
electrodeposition at -0.4 V Vs Ag/hgC1 for 90 minutes 1 were annealed at 2Sd.C in He 
atomsphere far 1, 2, 3 and 4 houra, respectively. 

The compositlon of the acidic solution 

A platinum electrode and a Ag/AgCl 

0.05 M B0504, 

A manning potentiostat (EG 

Electrodepoaltlon was 

(2) SPRBY PYROLYTIC DEPOSITION: 

A spray pyrolysia technique wae also used to make CdTe films. The composition of 
the solution was: ethano1:water = 3:2, 0.05 W CdClrr 0.05 M (NIh)rTeOI and 0.1 H SCl. 
The solution was @prayed through a air-atomizing spray nozzle8 made of glaea weeping 
regularly an 8x8 cmp area on 1 ~ 1 . 5  cm* area 6nCh coated glass  heated at 350.c under 
enclosed nitrogen or helium atornosphere. The spraying gae w48 nitrogen. Tbe spray 
rate .was determined to be 25.0 m l h i n  and for a constant spray rate the pressure of 
the nitrogen gae was maintained at  22 Psi. To determine the optimum spray t h e  the 
solution was sprayed on 4 pieces of t f n  oxide glaerr substrate for 90, 50, 60 and 70 
aeconda, respectively. 
at a time, 
was maintained. The subatrate temperature was measured by a K-type digftal 
themcouple. 
and preparing all eolutians. 

Spraying of aoiutian was carried out for DlaXimn of IO eeconds 

In a11 experimenta, triple distiled water was used far rinsing eubstrate 

A fixed distance of 0.5 meter between.the subetrate and the spray nozzle 

PHOMRESPONSE BEHAVIOX OF CdTe FItn6 

The photoelectrochemical measurements were performed j n  a glass cell having a flat 
pyrex glasa window. 
NaOH. The usual three electrode cells were used for photoelectrochemical 
measurement8. The CdTe thin film electrode exposed to solation vi18 1.0 cm* area. It 
wa8 used as a working electrode, A Kratoa 200 Watt Xenon Lamp (Hodel LA 150O/L) was 
nsed as a l ight  source. A rnonacbrornator (GM 100-1) was iiaed for monochromatic l ight .  
A d i g i t a l  radiometer ( Model TL 360-1 1 was used to meamre the intensity of l ight.  
In a l l  measurearenta the photocurrents and the dark currents densities were recorded on 
a X-Y recorder, Houston nodal Re0092. A 169 Hultjmeter wa8 a180 used to measure 

The electrolyte iieed for the water splitting reaction was 1 H 
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current densities+ 

RE6ULT69 AND DISCU8SION 

The dependence of percentage collection efficiency on the mobility of carriers l a  
It is observed that with the increase of mobil i ty  of electron, the given in figure 3. 

collection efficiency increases but becomes limiting at higher values of mobilities. 
Figure 4 show8 the increase in collection efficiency with increase i n  the average 
absorption coefficient of light. It is, thus, desirable to have dye layer with high 
absorption coeffjcjenf of Lj ht and h i g h  mobilit 

recombination, The results of collection effjcienciee for few combination of values 
of mobility and the average absorption coefficient of light are given i n  Table 1 which 
showa a maximum theoretical collection efficjsncy of about 14% for an organic dye 
aoPar cell. 

of electron so that the most of the 
photons may be absorbed in t i: e thin dye films an8 also reach the collector prior t o  

Fiqure 5 and 6 show the dependence of: photocurrent deneity at n-type f i l m  a8 a 
function of spray tjme and electrodeposjtion time of the film, respect ively.  
gap of the CdTe films were determined from the intercepts of the plot of (ipM Vs 
W (eV) where '9 i a  the frequency of monochromatic incident light. 
type electrodeposited CdTe film as a function o€ anneafiug time i s  given i n  Fig.7, 
The dependence: band gap of these p-type CdTe f i l m  on electrodeposition potential of 
CdTe f i l m  i e  shown Fig. 8. 

The band 

The band gap of p- 
- 

In conclusion, it i s  Important to mention that the expressions of photocurrent 
density that we have'gjven jn this report can be uaed to determine the best system 
parameters o€ the solar cell structures i n v o l v i n g  organic dyes f o r  efficient 
conversion af sun light to electricity. 
solar ce l l s  in stacks can generate theoretical collection efficiencies that are 
comparable to those experimentally obaerved (12% efficient) i n  a photoelectrochemical 
cell involving Ru-dye coverd Ti08 electrode (5) .  Pttture studies on organic dyes 
should conern the  detertdnation of enerqstjcs of dopants and dyes to achieve the 
required mobility and also optimization contour saps far collection efficiency in 
term of mobilities of photoexcited carriers, average absorption coefficient of light 
and thicknesses should be developed for further understanding of organic dye solar 
cell systems. 

Further, Table 1 abowa that the organic dye 

Pyrolytically prepared CdTe t h i n  films give rise higher photoreepoose compared to 
electrodeposited tilms. 
controlled by controlling the annealing temperature and ala0 the efectrodepoaitinn 
potentail. 
thin films to improve the pbotoreaponse tawards water splitting readtion, 

Band gap of electrodeposited CdTe t h i n  films can be 

Future study should focus the doping of tha pyrolytlcally prepared CdTe 
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Tab le 2 :  The average absorption coefficient of l i g h t ,  the  nobilities of 
photogenhated carriers and the corresponding collection ef ficieacies, 
f o r  solar cell model 2. 
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SURFACE EFFECT AND SURFACE STATES AT THE 
SEMICONDUCTOR/SOLUTION INTEIWACE IN THE 

PHOTODECOMPOSITION OF WATER 

A. GonzBlez-Martin and J.O'M. Bockris 
Department of Chemistry 
Texas A&M University 

College Station, TX 77843 

Abstract 

Improvements of the photoactivity of p-Si, p-GaAs, and p-Gap towards H2 evolution were achieved 
by cycling the electrode potentials in the hydrogen region under illumination conditions, where mild 
etching procedures were used. 
SBGP spectroscopy has been used to determine bands of surface states at different 
semiconductor/solution interfaces. Studies of the dependence of the SBGP intensity and energy with 
electrode potential, pH, and ion species from solution show that surface states are induced by both 
adsorption of species from solution and defects in the electrode. 
Knowledge of the semiconductor/solution interface obtained by the use of SBGP spectroscopy 
technique will allow to design interfaces with suitable energy configuration for efficient 
photoelectrochemical cells for hydrogen evolution. 
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Introduction 

Solar energy has been used in the past to produce hydrogen by the photosplitting of water. Although 
this process has been studied for a number of years, [e.g. 11 the efficiency of the photoproduction of 
hydrogen in photoelectrochemical cells (PEC) is relatively low. 

To increase the efficiency of this process, two different approaches are taken. One approach is to add 
small amounts of metal on the surface of the semiconductor. This pathway has shown to increase the 
efficiency by 10 times [2]. The other approach is to determine the cause for the low efficiencies: a 
better knowledge in this area would eventually lead to an increase and control of the efficiency of 
photoproduction of hydrogen from water splitting. 

An important reason for the low efficiency in reactions involving surface adsorbed intermediates is 
the presence of various surface states and electronic traps on the semiconductor surfaces [3]. Here, 
surface states act as electronic energy levels of the solid that are located at the surface or near to it 
(within a few angstroms) [4]. These energy levels, either donors or acceptors of carriers, have a strong 
influence on both the chemical and physical properties of the interface. Recombination of minority 
carriers will often occur through surface states and prevent the desired chemical reactions between 
minority carriers and ions in solution. On the other hand, surface states can act directly in 
photoelectrochemical reactions by acting as intermediate states in the electron transfer between the 
bands and ions in solution. 

The presence of surface states in the semiconductor/solution interface seems to be related to surface 
properties (i.e. etching effect), imperfections of the crystal, and adsorption of species from solution 
on the electrode surface [4]. Thus, an increase in the efficiency of the PEC may be possible by 
controlling the concentration and energy position of surface states at the semiconductor/solution 
interface. 

The aim of the present investigation is to determine the presence of surface states at the 
semiconductorlsolution interface in PEC for H2 evolution, and relate the presence of those states to 
the efficiency of H, evolution. Part of this goal is achieved by 1) controlling the oxidation state of the 
surface produced by etching conditions and by photoelectrochemical means; and 2) modifying the 
properties of the semiconductor/solution interface by the presence of different ions in solution. 
Experiments includes the use of cyclic voltammetry, Sub-Band Gap Photocurrent Spectroscopy, 
Scanning Tunneling Microscopy, X-Ray Photoemission Spectroscopy, and Impedance Spectroscopy. 

Experimental 

Sample Preparation 

To provide an ohmic contact to the semiconductor samples, the back face of the sample was 
progressively cleaned with three organic solvents (trichloroethylene, acetone, and methanol), then 
etched with a "strong etchant" (see below), and then rubbered with WGa alloy. For p-Si, an 



alternative ohmic contact was used for the STh4 experiments by AI vacuum-deposition. 

All the semiconductor electrodes had a mirror polished surface. They were polished with Si gel, then 
rinsed with millipore water (= 18 Mocm), and subsequently cleaned with the three organic solvents 
listed above. In order to optimize the photoproduction of Hu different etchants were used. A mild 
etchant was used to produce a surface smooth enough to be studied by STM? as well as surface with 
a thin oxide fllm. In addition, it was required to produce a reproducible photocurrent-potentia1 
relationship as good as the ones obtained after using the strong etchants (as given in the literature). 

p-Si (111) wafers from Semiconductor Processing Company (1 Qcm) were used. The etching 
procedure for the back face was as follows: 1- H2S04:H202 (l:l), 10 min.; 2- H20 rinse; 3- HF :: 12.5 
%, 30 min.; 4- H20 rinse. The mild etchant for the electrode surface was HF 0.5 % for 20 min. 

p-GaAs (110) wafers from Crystal Specialties (1-6~10’~ carrier concentration) were used. The strong 
etchant used to treat the electrode surface was H2S04:H202 (1.1) for few seconds [5]. The mild 
etchant was H$04:H20 (1:l) for 6 min. 

p-GaP Ektrode 

pGaP (111) wafers from Metal Specialties (0.05 Qcm, 2 ~ 1 0 ’ ~  carrier concentration) were used. The 
etchant used to treat the electrode surface was HNO,:HCI (21) for 2 minutes [6]. 

pPnP Electrode 

p-hP (lop) wafers from Sumimoto Electric (5-9x10’6 carrier concentration) were used. The strong 
etchant was HNO,:HCl:H,, (221) for few seconds [SI. The mild etchant consisted in HNO,:HCl:H, 
(1:1:3), 5 min. 

X-Ray Pmotoemission Spectroscopy 

This technique was used to get information of the elements and their oxidation states at the surface 
of the sample. The semiconductor surfaces were analyzed by the X P S  technique after being subjected 
to different treatments, tis follows: l.-cleaning the surface progressively with organic solvents, as 
above; 2- polishing with Si gel and cleaning with organic solvents; 3.- polishing with Si gel, cleaning 
with organic solvents, and etching (either mild or strong etching). The operating pressure inside the 
X P S  chamber was l ~ l O - ~  torr. 

For the p-Si sample, a Hewllet Packard 5950A ESCA spectrometer was used (A1Ka! X-rays), For the 
other semiconductors, a Perkin Elmer PHI ESCA system was used (Mg X-rays). The incident angle 
was 459 

Photocurrent-Potential (ip,,-V) Relationships 

A current-potential relationship (i-V curve) was recorded for every semiconductor/solution system, 
at both dark and illuminated conditions. A light intensity =lo0 mWcm” was used. Saturated Calomel 
Electrode (SCE) was used as a reference electrode (RE), and all the potentials given here are 
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referred to it. Pt was used as counter electrode (CE). Solutions were bubbled with H, at all times. 

Scanning Tunneling Microscopy (STM) 

As a surface sensitive technique, STM offers the possibility of direct, real space images and gives 
structural, electronic and chemical information. STM utilizes the quantum mechanical phenomenon 
of electron tunneling to image atomic structures in surfaces of conductive material. The operation 
consists essentially in scanning the surface to investigate with a very sharp metal tip close enough for 
a measurable current (tunneling current) to be able to flow at a distance of 5-20 A. 
The experiments were carried on a Nanoscope I, Digilab Instruments, Inc. The STM setup is 
protected against acoustic, mechanical and electromagnetic vibration by placing it in boxes made of 
aluminum, lead, copper and plexiglass [A. The mode of operation is constant current. The images are, 
recorded on an oscilloscope (Tektronix 5441), and pictures of those images are taken by a Pollaroid- 
Tektronix C-5C Oscilloscope camera. 

Sub-Band Gap Photocurrent (SBGP) 

This technique is based on recording any photocurrent produced when the semiconductor surface in 
solution is illuminated with light of less energy than the band-gap energy of the semiconductor. Hence 
any photocurrent response is related to electron transitions involving interface states inside the band- 
gap of the semiconductor (Fig. 1). Thus this technique allows to determine the energy of those 
electronic transitions where surface states are involved. 

The sub-band gap photocurrent is recorded as a function of the wavelength at a given potential. The 
lowest energy useful (at 1600 nm) is limited by water absorption. To improve the signalhoise ratio 
and to discriminate between dark- and photo-currents, the sub-band gap light is chopped. The 
experimental setup for this technique was developed in our lab. It consists of a lo00 Watts Quartz- 
Tungsten-Halogen lamp (Oriel 66187 and 6317), 3 sets of focusing lenses, 3 cut-off filters, a 
monocromator (Oriel 77250) and wavelength driver, a chopper (EG&G PARC Model 194A), lock-in 
amplifier (EG&G Model 5204), a potentiostat (Pine Inst. Co. RDE4), and a recorder (Houston 
Instrument, Model 100). Fig. 2 shows a schematic diagram of this new set-up. The electrochemical 
cell is placed inside a black box, and experiments are performed in complete darkness, except for the 
sub-band gap light. 

Impedance Spectroscopy 

This technique is used to determine the concentration of surface states as a function of the electrode 
potential. This is achieved by fitting the impedance results to an equivalent circuit. 

Experiments were carried out under potentiostatic conditions using a 1250 Solartron Frequency 
Response Analyzer (FRA) and 1186 Solartron Potentiostat. Either 10 or 20 mV peak to peak sine 
wave ac signal was used as a probe whereas a dc bias potential was applied from the potentiostat. The 
frequency range used was from 0.1 Hz to 63 KHz. The delay time between to frequencies was 1 s. 
Impedance measurements were carried out under illumination (=lo0 mWcm-*) and in dark conditions. 
This technique has been used to study the semiconductor samples immersed in 1M H,SO, and 1M 
HC10, At present, suitable equivalent circuits are being analyzed by the fitting of the experimental 
data. Thus, results on this technique will be presented in future reports. 
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Results and Discussion 

X-Ray Photoemission Spectroscopy 

Figs. 4-7 show the X P S  spectra obtained for psi ,  p-GaAs, p-InP, and p-GaP, respectively. Conditions 
for each spectrum are given in each figye caption. 

It is evident that even after etching treatment (either strong or mild etching) a thin oxide is still 
present on the surface of the electrode. This oxide could be removed in most of the cases by Ar- 
sputtering. Therefore, XPS results show that the initial surface of each one of the semiconductor . 
electrodes has an oxide film. Thus any adsorption on the surface of the electrode or modification of 
the surface after exposing the sample to solution takes placed on this oxide film. 

Photocurrent-Potential Relationships 

Figs. 7-10 show the ip,,-V curves for p-Si, p-GaAs, p-Gap and p-InP in 1M H,SO,, respectively. In all 
cases, only mild etchants were used. Mild etching produced smooth surfaces, allowing for STM and 
SBGP measurements, as well as for reproducible surface conditions. In addition, the photoactivity of 
the electrodes produced by mild etching probed to be as good or better than the ones reported in 
the literature [i.e. 8,9], where only strong etchants were used. 

A further improvement of the i,-V curves are obtained for p-Si, p-GaAs and p-Gap after cycling the 
electrochemical potential in the hydrogen evolution region under illumination. This improvement is 
of about AV=lOo mV. It should be noticed that this increase in the photoactivity of the p- 
semiconductor electrodes was achieved without the deposition of metal particles (catalysts), which in 
the case of p-Si showed an addition AV=4Oo mV when the best catalyst (Pt) was used [8]. 

The result obtained here represents a key-point in the improvement of the photoproduction of 
hydrogen from water splitting because it shows how the reaction depends on the surface properties. 

In the case of p-InP, the formation of an In metallic film was observed after the potential of the 
electrode is cycled in the hydrogen evolution region. This In film produced a decrease in the i, with 
time, and no improvements of the i,-V were found for p-InP. 

Scanning Tunneling Spectroscopy 

Irnaghg in Air 

Figs. 11-13 show the STM images of p-Si, p-InP and p-GaAs obtained after exposing the 
semiconductor surfaces to mild etchants. These images were recorded at positive bias voltages, V,,,, 
that is, the potential of the sample is positive respect to the tip. If the samples were not etched, STM 
imaging was very difficult. This is due to the presence of a thick oxide film, which decreases the 
probability for the electron tunneling process. In addition, imaging was also difficult if the samples 
were treated with strong etchants, due to the high degree of roughness of the surfaces. Therefore, 
the best results were obtained when the semiconductor surfaces were treated with mild etchants. 
Condition of the electro surface fcr STM measurements are important when work in solution is 
intended, as shown in previous work. 
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SnbBand Gap Photocnrrent 

Fig. 14 shows the SBGP spectrum for p-Si/O.OlM H2S04 interface at Vsi=-0.4V. Two bands can be 
observed (band I and band 11), indicating two electron transitions where surface state bands are 
involved. 

Fig. 15 shows the SBGP spectrum for the band 11 for the same interface at different electrode 
potentials. Two results are evident: 1.- a dependence of the intensity of the band with potential, 
where at potentials more negative than -0.2 V or more positive than -1.25 V the band is not present; 
and 2- the energy position for the maximum intensity of the band is potential dependent; however, 
the energy for the end of the band (s 1400 eV) seems to be potential independent. Fig. 16 shows 
the dependance of the maximum intensity of the band with potential. This plot resembles very much 
to an adsorption isotherm, with.a maximum at around -0.4 V. The decrease of the intensity of the 
peaks at more negative potentials can be related to the degree of desorption of negative species, such 
as HSO; and SO;*, with negative potentials. Similar results where found by Impedance Spectroscopy 
[lo]. Fig. 16 also shows the i,-V relationship obtained when the electrode was illuminated with white 
light. It is noticed that higher photocurrent values are obtained at potentials where the intensity of 
the band 11 is lower. 

~ 

There is a small change in the energy of the maximum intensity of the band II with potential. 
Assuming that this band is induced by the adsorption of HSO; and SO," ions, the energy of this band 
depends on the energy of the interaction of each of these ions with the-electrode-surface, which 
would be slightly different for these ions due to the difference in charge. The degree of adsorption 
of each ion is dependent on potential. It is expected that S 0 i 2  is the main specie on the surface at 
more negative potentials, whereas the adsarption of HSO; occurs at more positive potential. 
Therefore, the small variation of the position of the maximum of the band corresponds to the species 
being adsorbed. It is probable that at potentials more positive than -0.2 V, the energy of the band 
is located at wavelength longer than 1600 eV, which could not be observed here. 

The small dependence in energy due to potential shows that the Fermi level is not pinned, non-FLP. 
For a FLP situation, the position of the valence and conduction band would be moved as the 
potential of the electrode moves. For a potential change of ~ 1 . 0  V, the energy position of the band 
changes only by 0.2 eV. A non-FLP situation was also found by STM Ell]. 

Fig. 17 shows the dependence of the band 11 with different ions, HSO;/SO;', C104 and Cf, at the 
same electrode potential. A dependence of the energy position of maximum intensity of the band on 
the type of species is observed. The adsorption Cl  shows the highest energy transition, what could 
be related to the strongest interaction with the surface. 

Fig. 18 shows the SBGP spectrum for p-Si/lM H$04 interface. In this case, the band 11 was not 
observed, most probably due to location at wavelengths longer than 1600 nm. This shows that the 
band 11 is pH dependent, probably due to competition between H+/H and HSO;/SO," species. 

Fig. 19 shows the SBGP spectrum for the band I with different ions. In this case, the band energy 
position is independent on the ion. Therefore, this band seems to be related to imperfections in the 
electrode, which in turn induce surface states. 

In order to corroborate the results obtained with this technique, a comparison is made with the 
results obtained by STM for the p-Si/NaC104 interface [12]. Fig. 20 shows the SBGP spectrum of this 
interface, where the two bands (band I and 11) are observed. The energy of the band 11 corresponds 
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to 0.80 eV. 

It was shown before [la] that STM allows to determine the energy of a surface state band involved 
in the electron transfer. It was found that the energy of the surface state band was about 0.25 eV 
from the valence band, that is, 0.85 eV from the conduction band. This result agree with the one 
ftom SBGP, within the experimental error. 

Results presented here validate the use of SBGP and STM as suitable techniques to determine the 
energy of surface states present at the semiconductor/solution interface. 

Conclusions 

The surfaces of p-Si, p-GaAs, p-Gap, and p-InP are covered with a thin oxide film after both strong 
and mild etchings. Among different solutions, a set of mild etching conditions for each electrode was 
found to produce a thin oxide film on the surface (shown by X P S )  and to leave a smooth surface 
(shown by STM). b 

Improvements of the photoactivity of ps i ,  p-GaAs, and p-Gap towards H2 evolution were achieved 
by cycling the electrode potentials in the hydrogen region under illumination conditions. A strong 
dependence of the efficiency of the PEC for H2 evolution on the condition of the surface was found. 

The design of SBGP technique developed in our lab has been shown to be a suitable technique for 
the study of the surface states at the semiconductor/soIution interface, where the energy of the 
surface state bands can be determined. This simple and economic technique allows to relate the 
presence of surface states at the semiconductorlsolution interface and the efficiency of PEC for 
hydrogen evolution. 

For the p-Si/O.OlM H2S0, interface, the dependence of the surface state band 11 was related to the 
adsorption of species from solution. This shows that surface states are induced at the interface by 
adsorption of species from solution on the electrode surface. The energy position for the maximum 
intensity of the band was also related to the kind of specie (either HSO, or SO;*) being dominant 
on the surface. This is further proven when other ions different &om HSO; and S0i2 were present 
in the solution. The energy position of the surface state band II showed the maximum shift in energy 
when C1- was present, due to the strongest interaction with the surface. 

For the p-Si/NaClO, interface, agreement on the energy position of the band of surface states 
induced by ion adsorption was obtained with two independent techniques: SBGP and STM. 

SBGP technique uniquely allows to differentiate between surface states due to adsorption of species 
from solution or due to imperfections in the crystal. 
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Future Work 

In the present work, SBGP technique is established as a simple and accurate technique to study 
surface states at the semiconductor/solution interface. 
This technique, together with STM, X P S ,  and Impedance Spectroscopy, will be used to relate the 
presence of surface states induced by the adsorption of species from the solution to the efficiency of 
H2 evolution in PEC. The knowledge of the type of surface states as well as their energy band 
position within the band gap energy of the semiconductor, will allow to design semiconductor/solution 
interfaces with suitable energy configuration for efficient PEC for H2 photoproduction. Work in this 
direction is intended with other semiconductor materials, such as p-Gas, p-InP and p-Gap. 
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Figures 

1. Principle of the SBGP technique. a- Energy diagram for the semiconductor/solution interface. 
Electronic transitions using SGB light are shown. b- Photocurrent response as a function of the 
energy of the incident light. CV, B V  conduction and valence band; SS: surface state band; E,: 
Fermi level. 
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2. Diagram for the SBGP set-up. 

3. XPS spectrum of p-Si (Si 2p). a- After cleaning the surface with organic solvents; b- as a) and 
etching. 

4. X P S  spectrum of p-GaAs (As 3d and Ga 3d). a- After cleaning the surface with organic solvents; 
b- a), polishing and mild etching; c- as a) and strong etching; d- as c) and AP-sputtering. 

5. XPS spectrum of p-InP (P 2p). a- After cleaning the surface with organic solvents; b- as a) and 
mild etching; c- as b) and Ar-sputtering. 

6. X P S  spectrum of p-GaP (P 2p). a- After cleaning the surface with organic solvents; b- as a), 
polishing; and mud etching; c- as a) and strong etching; d- as c) and Ar-sputtering. 

7. b-V curve for p-Si/ 1M H2S0, interface. a- after miId etching; b-after cycling the electrode 
potential in the H2 evolution region; c- dark i. 

8. iph-V Gume for p-GaAs/ 1M H2S04 interface. a- after polishing with Si gel; b- after mild etching; 
c-after cycling the electrode potential in the H2 evolution region. 

9. iph-V curve for p-Gap/ 1M H$O, interface. a- after miId etching; b-after cycling the electrode 
potential in the H2 evolution region; c- dark i, 

10. $,V curve for p-InP/ 1M H2S04 interface. 

'11. STM image of p s i  in air. Bias voltage, Vb, = -1.0 V. Tunneling current, i,, = 1.0 nA. Units in 
Fig. are given in angstroms. 

12. STM image of p-InP in air. V,, = -1.0 V, i, = 1.0 nk 

13. STM image of p-GaAs in air, V,, = -1.0 V, i, = 1.0 nk 

14. SGBP spectrum of p-Si/ 0.01M H$04 interface. E, = -0.4 V. 

15. Dependence for the SGBP spectrum of p-Si/ 0.01M H2S0, interface with electrode potential. 

16. Dependence of the intensity of the maximum of band 11 for the p-Si/ 0.01M H2S0, interface. 

17. SGBP spectrum for p-Si/solution interface. a- 0.01M H2S04; b- 0.1M NaC10,; c- 0.1 M KC1. 
= -0.6 V. Band II. 

18. SGBP spectrum of psi /  1M H2S04 interface. 

19. SGBP spectrum for p-Si/solution interface. a- 0.01M H2S04; b- 0.1M NaC10,; c- 0.1 M KCI. 
&i = -0.4 V. B a d  I. 

20. SBGP spectrum for p-Si/ 0.1M NaClO, interface. & = -0.4 Y. 

21. Energy diagram for the p-SilNaClO, interface. Electron transition involving the band I1 is shown. 
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ABSTRACT 

Using synchronously growing unicellular aerobic nitrogen fixing cyanobacterium, 
Svnechococcus sp. Miami BG 0435 1 1, significant enhancement of the hydrogen photoproduction 
under the light intensities equivalent to outdoor sun light was made. It was found that hydrogen 
production and oxygen production were temporally separated even in the non-growing hydrogen 
photoproducing condition and hydrogen can be harvested without oxygen contamination. Unique 
characteristic of the resistance to extremely high concentration of external was also found in this 
strain. The new methods are being developed for further enhancement of hydrogen 
photoproduction. Those include (1) identification of the electron and proton sources of 
photoproduced hydrogen using deuterium, (2) nature of hydrogen producing nitrogenase synthesis 
and degradation using genetic molecular engineering method, and (3) cell immobilization. 
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SUMMARY 

r Following were the major accomplishments of the 3rd year's study of biological H2 
Photoproduction. 

1) The biological H2 photoproduction experimental system under high light intensities 
equivalent to Mid-day intensities was constructed, and H2 and 0 2  photoproduction in 
synchronously grown marine unicellular nitro en-fixing cyanobacterium, strain Miami BG 0435 1 1 
at these high light intensities (300-2500 pE/m 5 /sec) was studied. 

2) H2 accumulation at high light intensities in closed vessels showed a stepwise increase in 
accordance with the studies at lower light intensities (less than 200p.Wm2/sec). H2 Production was 
regulated by cyclic appearance of nitrogenase activity. 

3) The temporal separation of H2 without 0 2  can be harvested even in these high light 
intensities. 

4) No inhibition of H2 photoproduction in its strain was observed even at very high light 
intensities which is maximum light intensity received in the subtropical and tropical area 

5) The enhancement of the H2 photoproduction of synchronously grown culture of this strain 
at light intensity of 1000 pE/m2/sec (average day light intensity in subtropical area) was studied. 
The rate and amount of H2 photoaccumulation per unit volume of cell suspension have been 
improved by optimizing the cell densities. As much as seven ml H;? was photoproduced per ml 
cell suspension in 12 hrs. illumination. 

6 )  Another method of photoproduce only H2 without 0 2  has been developed by the 
increasing of the synchronized cell density more than 1 mg chl./ml. This method together with 
temporal separation method mentioned in 3) above could be important for application of biological 
H2 photoproduction since simultaneous H2 and 0 2  photoproduction were potentially hazardous 
and gas separation procedure are expensive and energy consuming. 

7) In order to develop longer period H2 photoproduction from water, the effect of 0 2  
concentrations on H2 photoproduction was examined. Resistance to 0 2  on H2 photoproduction 
change significantly during a cell cycle. It was found that cells of maximum H;? photoproduction 
capability was extremely resistant to very high 0 2  concentration on H2 photoproduction. 0 2  had 
little effect until it reached 20%. This is very favorable character of its strain for the application on 
biological H;! photoproduction. 

8) To obtain the long-term and stable H2 photoproduction, the immobilized cells of this strain 
were used. It was found that the immobilized cells were also synchronized by introduction of 
DarMLight cycles and the nitrogenase activity appeared temporally. The H2 photoproduction 
lasted for more than 2 weeks using these immobilized cells. 

9) In order to enhance H2 photoproduction further, the role of ceIlular carbohydrate was 
investigated. The method of stable isotope usage, D20  for this purpose was established. Since 
nitrogenase is a major enzyme of H2 photoproduction, the appearance of mRNA of L f  gene was 
also studied. 
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10) Biological studies of cellular (internal) 0 2  photoproduction during synshronous growth of 
this strain published a journal (J. Gen. Microbiol.). The change of hydrogen production capability 
during synchronous growth of this strain is also published (Arch. Microbiol.), now in press. 

INTRODUCTION 

This report describes and summarizes the major accomplishments which were made during 
the 3rd year's research on "Biological Hydrogen Photoproduction". According to the 
recommendations of 2nd year's program review committee, hydrogen photoproduction research at 
high light intensities equivalent to sun light intensities was included. 

Objectives, research background and annual research progress were well described in 1st 
and 2nd year's annual progress reports. Therefore, those are not included in this report. 
However, some of the 2nd year's research which were completed at the beginning of the 3rd year 
and directly related to the subsequent 3rd year's research are also included. 

I .  ALTERNATIVE APPEARANCE OF H2 and 0 2  PHOTOPRODUCTION 
ACTIVITIES BY SYNCHRONOUSLY GROWN CELLS OF A N2-fFIXING 
CYANOBACTERIUM, $vnechococcuS SP. MIAMI BG 843511, UNDER NON- 
GROWING Ha PRODUCTION CONDITIONS. 

H2 photoproduction by cyanobacteria has been studied as one of the ways to convert solar 
energy to useful energy (Mitsui and Kumazawa, 1977). One of the problems of the anoxygenic 
nature of the H2 production can be alleviated by the use of N2-fixing cyanobacteria. 

N2-fixing cyanobacteria carry out oxygenic photosynthesis and anoxygenic N2 fixation, 
hence nitrogenase-catalyzed H2 production and photosynthesis can be observed. 

k u g h  the survey of the marine cyanobacteria, we have isolated a unicellular aerobic N2- 
fixing cyanobacterium, Svnechococc us sp. Miami BG 0435 11, which exhibits stable H2 and 0 2  
production when incubated in the light under argon gas atmosphere (Mitsui et al. 1983, Reddy and 
Mitsui, 1984). Studies under synchronous culture conditions indicated that this strain carried out 
oxygenic photosynthesis and anoxygenic N2 fixation by temporally separating the phases of 
photosynthesis and N2 fixation within a cell cycle under diazotrophic growing conditions (Mitsui 
et aI. 1986, 1987). However, the temporal separation, associated to the cell cycle events, was not 
the sole mechanism by which those two reactions were carried out. 

The temporal separation of those reactions was also observed under non-growing H2 
-producing conditions. Oscillatory chan es in H2 (nitrogenase-catalyzed) and 0 2  photoproduction 

Synchronously grown cells, at the phase of maximum nitrogenase activity, were harvested 
by centrifugation, washed once with carbonate-free medium A-N (pH = 7 . 3 ,  and resuspended 
with the same medium. Aliquots of 7 ml were put into 25 ml micro-Ferbach flasks, sealed with 
butyl rubber stoppers, and the gas phase was replaced with argon gas by repeated evacuation and 
gassing. Then the flasks were incubated in all illuminated shaker bath at 30OC. 

activities also occur under non-growing a 2 -producing conditions. 

The change in H2 photoproduction activity occurred during the subsequent incubation 
Perid. H2 photoproduction activity increased from 1.0 to 3.8 prnol*(m dry wt)-l*h-'during the 
f is t  15 hr. period and then decreased to 0.2 pmol*(mg dry wt)-l*h-f during 15th to 24th hr. 
Such oscillation was observed during the subsequent incubation period, though the extent of the 
change decreased gradually. 
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The change in nitrogenase activity also occurred under the H2 production conditions. m e  
parallel change in H2 production and acetylene reduction activities indicates that nitrogenase is a 
key enzyme for the H2 photoproduction. 

Although synchronously grown cells at the phase of maximum nitrogenase were used, 
nitrogenase activity was further enhanced when incubated under H2 -producing conditions. This 
enhancement could be due to the difference in conditions between the synchronous gowth and the 
incubation for H2 production. Synchronous growth conditions are growing conditions where N2 
serves as a source of nitrogen. On the other hand, H2 -producing conditions did not contain any 
nitrogen source including N2. 

No change in cell densities during the incubation period SUPPQITS that .the H2 -producing 
conditions were those of non-growing. It has been known that nitrogen-limitation derepress 
nitrogenase activity. Therefore, the enhancement of nitrogenase activity seems to be due to the 
derepression of nitrogenase activity which was caused by nitrogen limitation. 

The change in 0 2  photoproduction activity during incubation period also occurred. 
However, the decay in the oscillatory pattern of 0 2  photoproduction activity was not so large as 
that of H2 photoproduction. 

Interestingly, potential activities of H2 and 0 2  photoproduction oscillated in a reciprocal 
manner. The patterns of the oscillation of nitrogenase and 0 2  production activities resembled those 
observed during synchronous growth. However, the sequence of the appearance of those 
activities differed from the synchronous growth conditions. Under synchronous growth 
conditions, a peak of photosynthesis preceded a peak of N2 fixation (Mitsui et al. 1986, 1987). 
Under H2 production conditions, however, an increase in H2 production activity preceded the 
increase in 0 2  production activity. 

AS described already, synchronously-grown cells of strain Miami BG 4351 1 exhibits 
temporal appearance of nitrogenase activity, even under H2 production conditions. Significance of 
this observation is that other than diazotrophic growth conditions, the cells have some mechanism 
by which cyclic appearance of nitrogenase activity is controlled under non-growing conditions. 
This mechanism could be applied to the alternative production of H2 and 0 2  via biophotolysis of 
water, hence the separation of H2 from 0 2  can be facilitated. 

11. CHANGE IN THE H2 PHOTOACCUMULATION CAPABILITY AND THE 
CELLULAR CARBOHYDRATE CONTENTS IN A SYNCHRONOUSLY GROWN 

MIAMI BG 043511. 
AEROBIC NITROGEN-FIXING CYANOBACTERIUM, SV nechococcux SP. 

This study is concerned with whether different phases of cells during synchronous growth 
exhibit different capacities for H2 photoaccumulation. For the assay of H2 photoaccumulation 
capability, synchronously growing cells were taken periodically and incubated under H2 
producing conditions. It was found that, rather than the nitrogenase activity, the cellular 
carbohydrate content is related the H2 photoaccumulation potential. 

Fig. 1 shows the changes in the activities of photosynthetic 0 2  evolution and nitrogenase, 
the changes in the contents of carbohydrate, chlorophyll and dry weight, and occurrence of 
doubling cells during synchronous growth. As previously reported (Mitsui et al. 1986, 1987), 
phases of photosynthesis and N2 fixation appeared in a temporally separated manner (Fig. 1A). 
Nitrogenase activity emerged at 8th h, peaked at 14th h and disappeared at 20th h. Maximum 
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carbohydrate content per unit culture suspension was observed during 8 to 12 h after the onset of 
synchronous growth (Fig. 1 B). Nitrogenase activity appeared during the cellular carbohydrate 
degradation perid The phase of maximum carbohydrate content appeared slightly earlier than the 
appearance of peak nitrogenase activity and coincided with the phase of minimum photosynthetic 
0 2  evolution activity (Fig. I A  and 1B). Thus, different phases of cells are expected to exhibit 
different capacities for nitrogenase-catalyzed H2 production. 

In order to examine H2 photoaccumulation capability in cells at different phases of a cell 
cycle, synchronously growing cells were taken periodically, and incubated in the light. Fig. 2 
shows the amounts of H2 accumulated during 24 h incubation when synchronously growing cells 
at respective growth periods were examined. At the top of Fig. 2, some of the parameters shown 
in Fig. 1 are also indicated diagrammatically. Potential capability for the H2 photoaccumulation 
per unit cell density (expressed as mg chlorophyll basis) dramatically changed depending on the 
phases of cells used for examination. H2 photoaccumulation capability, which was not observed 
at the onset of synchronous growth (0 h), increased with time and reached to a peak at 10th h. 
Then, it decreased to a bottom at 18th h and increased again. This observation indicates that the 
presence of nitrogenase activity at the onset of incubation was not a prerequisite for cells to . 
produce H2. In addition, the pattern of the change in H2 photoaccumulation capability (Fig. 2) did 
not match well with that of nitrogenase activity (Fig. 1A). Cells with maximum H2 
photoaccumulation potential (Fig. 2) were those with maximum carbohydrate content (Fig. 1B). 
On the other hand, cells with minimum H2 photoaccumulation were those with minimum 
c ~ b o h y ~ a t e  content (- and 18 h in Fig. 2)- No H2 accumulation by 0 h cells could be due to the 
exhaustion of stored carbohydrates caused by the preceding 16 h dark treatment for the induction 
of synchronous growth. Therefore, stored carbohydrates (glycogen) seem to affect the potential 
capability in cells to H2 photoaccumulation. 

When 10 h cells, which exhibited maximum H2 photoaccumulation capability, were 
incubated, alternate periods of H2 and 0 2  photoaccumulation were observed at 12 h intervals. As 
shown in Fig. 3, the phase of H2 accumulation receded the phase of 0 2  accumulation. At the 

and 6 2  accumulation were observed in the succeeding incubation period. Thus, ratios of 
accumulated H2 per 02 were much higher than 2 at 12 and 36 h incubation periods while the ratios 
were about 2 at 24 and 48 h. It seems relevant to mention that synchronously growing cells of 
strain BG 0435 1 1 exhibited a phase of carbohydrate synthesis and that of degradation during a cell 
cycle which occurred repeatedly during the following cell cycles (Mitsui et al. 1986,1987). It has 
been shown that endogenous carbohydrate serves as a source of electrons for nitrogenase-catalyzed 
H2 production (Kumazawa and Mitsui 1981). Since the active periods of H2 production (0-12, 
24-36 h in Fig. 3) did not accompany substantial 0 2  production, H2 production in these eriods 
can be interpreted as a process of carbohydrate consumption. Therefore, the observed H2 /B 2 ratio 
of about 2 at 24 and 48 h incubation periods suggests that a cycle of the carbohydrate consumption 
and synthesis occuxred at 24 h intervals. 

This study indicates that b the use of synchronous cultures, physiologically uniform cells 

cells 10 h after the onset of synchronous growth exhibited high capacity for 2 
photoaccumulation. When relatively dense 10 h cells (cells with highest carbohydrate content) 
were incubated, about 0.5 ml of H2 per ml cell suspension was accumulated in micro-Fernbach 

* flasks during the initial 12 h incubation period. Such amount of H2 accumulation is high among 
the H2 photoaccumulation by cyanobacteria. Further enhancement could be done by the 
examination of proper cell density and the light intensity. In addition, temporally separated periods 

initial 12 h incubation period, hi h H2 and little 8 2  photoaccumulation occuned. In the next 12 to 
24 h eriod, little H2 and high 8 2 photoaccumulation occurred. These alternating patterns of H2 

with nitrogenase-catalyzed high d 2 photoproduction activity can be obtained. As shown in Fig2, 
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of H2 and 02 photoaccumulation would allow to collect H2 and 92 separately, hence facilitate the 
purification process of H2. Therefore, the use of synchronous culture can be one of the ways to 
provide materials suitable for applied aspects of H2 photoproduction. 

111. ESTABLISHMENT OF THE STABLE ISOTOPE (DEUTERIUM) 
TECHNIQUE FOR THE IDENTIFICATION OF THE DONOR SOURCE OF 
PHOTOPRODUCED HYDROGEN BY MARINE CYANOBACTERIUM, 
W E C H O C O C C U S  SP. MIAMI BG 043511. 

In order to develop the technology for further enhancement of H2 photoproduction, the 
source of produced H2 should be clearly identified. Results described in the prewious section and 
suggested that cellular carbohydrate has an important role of H2 photoproduction. However, we 
need to obtain clearer evidence that cellular carbohydrate is the direct source of the H 2  
photoproduction It is also important to know whether water is a direct or indirect source of H2 
during particular phases of the'cell cycle. For this purpose, we established a technique for the 
isolation and purification of hydrogen gas from a photoproduced gas mixture for stable deuterium 
isotope analysis. We then measured D/H ratios of the photoproduced H2 gas. Fig. 4 shows the 
vacuum system for collection of H2 from the gas mixture before mass spectrometry. The H2 
isotopic ratios are expressed here as 6D values, where 

m> o/w = [@/HI sample/@/H) SMOW - 11 x 103 

The subscript SMOW is an abbreviation of standard mean Ocean water. 

The synchronously grown cells were resuspended in the medium including D20 and were 
shifted to H2 photoproduction conditions. After a 24 hr. incubation period, the D/H ratio was 
measured. The relationship of 6D of water and 6D of H2 in gas when the concentration of in 
the medium water. These results indicate the ossibility that the produced H2 came from water. 
But the change in carbohydrate content and PI2 photoproduction under synchronous culture 
conditions was shown to have exactly same pattern. This indicates that the source of H2 is 
carbohydrate. Under H2 photo roduction, the ratio of the produced H2 and 0 2  was changed as 

is a possibility that the source of the hydrogen ion is shifted. An experiment using the labeled 
carbohydrate should be carried out next. 

Using the isotopic method that was established in this experiment, a more detailed analysis for 
the source of hydrogen ion will be done in 4th year's project. This includes the analysis of D/H 
ratio of the photoproduced H2 with deuterium enriched water, and the analysis of deuterium 
labeled cellular carbohydrate during a cell cycle. 

IV.  TRANSCRIPTIONAL CONTROL OF NITROGENASE GENE IN MARINE 
CYANOBACTERIUM, SYNECHOCOCCUS SP. MIAMI BG 043511 DURING 
THE SYNCHRONOUS CULTURE. 

It was already mentioned that the nitrogenase activity temporally appears during 
synchronous culture and H2 photoproduction conditions. Since the nitrogenase is the major 
hydrogen producing enzyme of this strain, the control of nitrogenase synthesis and degradation 
should be one of the keys to the enhancement of the H2 photoproduction. For this purpose, the 
study in molecular level has been initiated. The appearance of the mRNA of nitrogenase in 
synchronous culture has been studied. This study will elucidate the cofitrol mechanism, and show 
whether the change in the nitrogenase activity is caused in the level of protein modification or at the 

mentioned above. The ratio of I! 2/02 was not 2 under H2 photoprodfiction. This means that there 
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transcriptional level of mRNA. These results will serve to better understand the behavior of the 
nitrogenase enzyme. 

In this experiment, the rrlf H gene which encodes the Fe protein was the focus, To amplify the 
nif H gene from this strain, the & H sequence of M a e n a  7120 (Mevarech et al. 1980) was used 
as a reference and the two primers for PCR (Polymerase Chain Reaction) were designed. These 
primers (P1 and P2) were chosen fiom the highly conserved sequences (Fig. 6). Total DNA from 
Svnecfiococca sp. Miami BG043511 and Anabaena 7120 was extracted by SDS-phenol method. 
PCR was performed using the following parameters; melt at 92OC for 2 min. (only at first Cycle 7 
min.), anneal at 65OC for 3 min. and extend at 72OC for 3 min (only at last cycle 8 min), this cycle 
was repeated 30 times. Fig. 7 shows the fragments which were amplified from both 
cyanobacterial strains. It was confirmed by Southern hybridization between the amplified 
fiagments from the P1 and P2 primers, whether or not the segment of the nif H gene was 
amplified. 

The effective extraction of total RNA was examined from Svnechococcus sp. Miami BG 
043511. Because mRNA in procaryotes does not have special sequence (Pol A chain), it is 
impossible to isolate it from the other RNA. The cells were well disrupted by guanidin-sarcosil 
buffer and glass beads. In 4th Year's project, the change of mRNA synthesis of nifH gene during 
synchronous culture will be examined. 

V .  HYDROGEN PHOTOPRODUCTION AT HIGH INTENSITIES 
EQUIVALENT TO SUNLIGHT INTENSITIES AND THE TEMPORAL 
SEPARATION OF HYDROGEN AND OXYGEN PHOTOPRODUCTION. 

In previous years, most H2 photoproduction research was carried out at the light intensities 
less than 200 p.E/m2/sec (see the 1st and 2nd year's progress report). During the 3rd year's 
research, the H2 photoproduction experimental facilities at high intensities between 300-2,500 
pE/mZ/sec were constracted in the laboratory. Using these facilities H2 and 0 2  photoproduction in 
the synchronously grown cells of Svnechococcu sp. Miami BG 04351 1 was carried out in order 
to find out whether 1) the temporal separation of €32 and 0 2  production can be observed at these 
high light intensities, 2) H2 photoproduction is enhanced or inhibited at the high light intensities. 

H2 photoproduction at the light intensities of 300, 1,OOO and 2,500 pE/m2/Sec is Shown in 
Fig. 8. H2 was roduced by stepwise manner at all light intensities. Approximately 20-30% 

1,OOO pE./m2/xC- Almost the Same H2 photoproduction was observed at 1,000-2,500pE/m2/seC- 
indicated that little enhancement or inhibition occurred at the very high light intensity (2,500 
jiE/m2/sec) although some differences were observed during 20-30 hr. incubation periods. In 
tropical and subtropical areas, maximum light intensity during the day is 2,500 pE/m2/sec (Fig.9). 
The light saturation Point for H2 production of this strain should be between 300-1,000 
@/&sec. This is a very high light intensity saturation point when it is compared with that of 
previously studied non-heterocystous cyanobacterium, Oscillatoria sp. Miami BG 7, which has a 
light saturation point at 50 pE/m2/sec (Phlip & Mitsui, 1983). More detail studies for light 
saturation curve will be carried out during the 4th year's study. 

enhancement of 8 2 photoproduction was observed when light intensity was increased from 300 to 

Hydrogen photoproduction rates seem to be primarily enhanced by increasiong light 
intensities during the first 10 hrs. of incubation (Fig. 8, unlike the case of 0 2  photoproduction 
which is enhanced throughout incubation period (data is not shown). The relationship between H2 
production and 02 concentrations is described in a later section. 
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Fig. 10 shows a temporal separation of H2 and 02 photoproduction at the light intensity of 
2,500 C1E/m2/sec. At first 12 hrs. incubation period, only H2 was produced and 0 2  was not 
produced, whereas the subsequent 12 hrs. period, H2 was not produced and 0 2  was roduced 

produced. Thus, the temporal separation of H2 and 02 production occurred not only at lower light 
intensities as described in Section I and II, but also at a very high light intensity. 

This data indicated that H2 can be harvested without 0 2  contamination with certain 
intervals even under the such high light intensity H2 production of the second and the third cycle is 
unknown at this time. Exhaustion of cellular carbohydrate as described in Section I1 could be one 
of the reasons. Using the other H2 photoproducing strain Oscillatoria sp. Miami BG 7, we had 
succeeded in prolonging the high rate H2 photoproduction by recycling the cellular carbohydrate 
synthesis and degradation processes (Kumazawa & Mitsui, 1981 Mitsui a., 1983, 1984, 1985 
Ramachandran & Mitsui, 1986). During 4th year's study this hypothesis designed for the study of 

V. HYDROGEN PHOTOPRODUCTlON UNDER VERY HIGH 0 2  
CONCENTRATION IN THE SYNCHRONOUS CULTURE OF A MARINE 
UNICELLULAR CYANOBACTERIUM, SYNECHOCOCCUS SP. MIAMI BG 
043511. 

This temporal separation was repeated in the second cycle, although less H2 and b 2 were 

prolonged rates of H2 photoproduction will be tested in this Synec hococcus StraiIl. I 
Oxygen has long been known as a potent inhibitor of hydrogen photoproduction in 

photosynthetic microorganisms (Gaffion, 1939; Spruit, 1954). Primary inhibition occurs in two 
ways, i.e., inactivation of the hydrogenase and/or nitrogenase enzyme involved in hydrogen 
photoproduction, and oxyhidrogen reaction. Trace amount of oxygen completely inhibits 
hydrogenase-catalysed hydrogen production in green microalgae (Pow and Krasna, 1979; Bishop 
et al., 1977). The nitrogenase-catalysed hydrogen photoproduction in photosynthetic bacteria 
(Mitsui, 1981; Matsunaga and Mitsui, 1982) and non-heterocystous cyanobacteria (Phlips and 
Mitsui, 1986) is more resistant to oxygen that that in green microalgae, complete inhibition is at 
oxygen concentration of only a few percent. Inhibition of hydrogen production by very high level 
of oxyhydrogen reaction was reported insgreen algae (Bishop et al., 1977) and heterocystous 
cyanobacteria (Kumazawa and Mitsui, 1985; Houchins, 1984; Mitsui et al.,1985; Eisbrenner et al, 
1978; Tel-Or et al., 1978; Bothe et al., 1977). 

Studies on the synchronous culture of this strain revealed that nitrogenase-catalysed H2 
photoproduction is temporally separated from 0 2  photoproduction. Thus the lack of the inhibition 
of nitrogenase-catalysed hydrogen photoproduction by the photoproduced intracellular oxygen has 
been explained. However, the effect of very high concentrations of extracellular oxygen on the 
hydrogen photoproduction has remained unclear. The effect of external 0 2  concentrations on the 
H2 photoproduciton were studied in some detail before the discovery of the cellular protection 
'mechanisms from the high concentration of extern oxygen. 

It was found that the hydrogen photoproduction in this Synechococcus strain was 
extremely resistant to the external oxygen. It was also demonsrrated that the degree of the oxygen 
resistance on H2 photoproduction changed significantly during the cell cycle. 

Effect of 0 2  concentration in the cells with maximum H2 photoproduction 
capability. 

Previous studies on Synechococcus sp. Miami BG 04351 1 indicated that the capabilities of 
H2 photoproduction by its synchronous culture changed significantly during the cell cycle (Suda et 
al.. 1992). The 10 hr cells under continuous illumination, after the onset of the synchronous 
culture, have shown maximum capability of H2 photoproduction, and 22 hr. cells had a minimum 
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capability Guda et a 1.. 1992 ). therefore, the effect of 0 2  on the hydrogen photoproduction was 
studies in both cells (cells with maximum capability and minimum capability). 

Figure 11 shows the time course of the hydrogen photoproduction under the initial 0 2  
concentrations of 0%, 50%, and 100% in the cells of maximum H2 photoproduction capability (10 
hr LL cells). It was noted that even under very high initial 0 2  concentrations such as 50% and 
100% significant amounts of H2 were produced by the cells. This result is remarkably different 
from that in previously reported H2 photoproducing strains. 

Effect of 0 2  concentrations on the hydrogen photoproduction of 10 hr. LL cells were 
studied in more details (Fig. 12). At 20% 0 2  no inhibition of the H2 photoproduction was 
observed (Fig. 12). As 0 2  concentration increased over 20%, the H2 photoproduction was 
gradually inhibited. 50% inhibition of H2 photoproduction of the 10 LL cells was found at 
concentrations as high as 34% 02. This 0 2  concentration for 50% inhibition is remarkably 
different from that in other €32 photoproducing stxains. 50% inhibition of H2 photoproduction 
were reported to occur at trace amount of 0 2  in green algae such as Chorellu vulgaris @ow and 
Prasna. 1979) and Scenedesmus obliquus (Bishop et al., 1977), 0.5% of 0 2  in non- 
heterocystous cyanobacterium, Oscillatoria sp. Miami BG 7 (Phlips and Mitsui, 1986), 0.7% 0 2  
in photosynthetic bacterium, Chromatiurn sp. Miami PBS 1071 (Mitsui, 198l), and 0.5% 0 2  in 
another photosynthetic bacterium, Rhodobacter sp. Miami PBE 2271 (Matsunage and Mitsui, 
1982). 

Figure 13 shows the changes in actual concentrations in the reaction vessels during the 
incubation for H2 photoproduction. During the incubation initial 0 2  concentrations decreased and 
increased once and then remained at approximately the same levels as the initial concentrations. 

Figures 12 and 14 demonstrated that H2 photoproduction was slightly stimulated in the 
presence of a small amount of oxygen. Stimulation of H2 photoproduction by up to 15% was 
observed at initial 0 2  concentration ranging from 0.5 to 10%. This stimulative effect on oxygen 
on the H2 photoproduction in the present strain is totally different from the oxygen sensitivity in 
other H2 photoproducing strains. H2 photoproduction was completely inhibited by trace 0 2  in 
green algae, Chlorella vulgaris (Pow and Krasna, 1979), 0.03% 02 in Chlorella sp. (Bishop et 
al., 1977), 0.01% 0 2  in Scenedesmus obliquus (Bishop et al., 1977), 1.2% 0 2  in a 
cyanobacterium, Oscillatoria sp. Miami BG 7, 4.0% 0 2  in a photosynthetic bacterium, 
Chromatiurn sp. Miami PBS 1071 (Mitsui 1981), and 1.0% 0 2  in a photosynthetic bacterium, 
Rhodobacter sp. Miami PBE 2271 (Matsunaga and Mitsui, 1982). 

Effect of the preincubation in 0 2  on H2 photoproduction in the cells with 
maximum H2 photoproduction capability. 

Cells with maximum H2 photoproduction capability during a cell cycle (10 hr. LL cells) 
were preincubated in the light for 2 days at the initial 0 2  concentrations of 0,50 and 100%. Then 
the gas inside the reaction vessel was replaced with Ar, and incubated again in the light for longer 
periods (Fig. 15). 

During the preincubation H2 photoproductions under the 3 different 0 2  concentrations 
showed similar trends to the those described above (see Fig. 11.  and fig. 75). During subsequent 
incubation in Ar, stepwise accumulation of hydrogen was seen. The amount of H2 
photoproduction during the following 9 days in the cells pretreated with 50% and 100% 0 2  were 
somewhat similar to that in Ar pretreated cells. These data indicate that even under the high oxygen 
concentrations the H2 photoproduction capabilities were still preserved almost intact. 

Figure 16 shows the effect of pretreatment under 100% 0 2  for days on the subsequent H2 
photoproduction under 0, 50, and 100% 0 2  during the following 9 days. Again significant 
amounts of H2 were photoproduced under 50 % and 100% 0 2  during the subsequent incubation. 
This data confirmed again that H2 photoproduction in the cells of maximum H2 photoproduction 
capability are extremely resistant to oxygen. 
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Effect of 0 2  concentration on H2 photoproduction in the cells with minimum H2 
photoproduction capability. 

Cells with minimum H2 photoproduction capability (22 hr. LL cells) during a cell cycle 
were reported not to produce H2 for approximately 10 hrs. after the onset of incubation, followed 
by stepwise accumulation of H2. Both the rate and yield of H2 photoaccumulation in this phase of 
cells were, however, approximately one third of those in the cells with maximum H2 
photoproduction capability. 

Effect of 0 2  concentrations on H2 photoproduction of the 22 hr. LL cells was examined. 
As shown in Figure 17, the H2 photoproduction in 22 hr LL cells decreased exponentially as 0 2  
concentration was increased from 0 to 20%, showing 50% inhibition of H2 production at the initial 
02 concentration of 11%. Thus 22 hr. LL cells were wore sensitive to oxygen than 10 hr. LL cells 
at the concentration ranges of oxygen from 0 to 20%. At higher 0 2  concentrations that 20%, the 
inhibition of H2 photoproduction of 22 hr. LL cells was similar to that of 20 hr. LL cells. 

Table 1 summarizes the effect of oxygen on the H2 photoproduction in several different 
strains studies for the hydrogen photoproduction. Synechococcur sp. Miami BG 0435 1 1 was the 
most 02-resistant strain in H2 photoproduction among all the strains. As described above, cells 
harvested at different stages of cell cycle (10 hrs.' LL and 22 hrs.' LL) showed some differences 
in 92 resistance. In 22 hrs." LL cells (cells with maximum H2 photoproduction capability) the 0 2  
concentration required for the 50% inhibition of H2 photoproduction is two orders of magnitude 
higher than in the strains tested previously (Tab. 1 and Fig. 12). The 50% inhibition of H2 
production in 22 hrs.' LL cells (cells with minimum H2 photoproduction capability) was observed 
at 11% 0 2  which is approximately 4 times lower than that for the same 50% inhibition in 10 hrs.' 
LL cells (Fig. 12 and Fig. 17). Even under 100% of initial oxygen, 10 hrs.' LL cells and 22 hrs.' 
LL cells of this particular strain produced hydrogen. 

These results are important in the applied study of H2 photoproduction because this strain 
continues to produce high level of hydrogen under 0 2  partial pressure equivalent to the 
atmosphere. 

Mechanisms of 0 2  resistance of this unique strain is not known a3 present. using the 
information obtained through the present study, the elucidation of the mechanisms involved in the 
@ resistance should be made in the near future. 

VII. ENHANCEMENT OF HYDROGEN PHOTOPRODUCTION AT A HIGH 
LIGHT INTENSITY BY OPTIMIZING CELL DENSITY OF THE 
SYNCHRONOUSLY G R O W N  UNICELLULAR CYANOBACTERIUM, 
SYNECHOCOCCUS SP. MIAMI BG 043511. 

Rates of H2 photoproduction based on unit chlorophyll amount or unit of cell dry wei ht 
have been often used as a comparative parameter to determine the potential capability for a 2  
photoproduction (Mitsui 1980, Kumazawa and Mitsui 1982 and 1989). However, the obtaining 
not only higher rates of H2 photoproduction per chlorophyll or per cell dry weight, but also 
maximum amounts of H2 photoproduction per unit volume of cell suspension or per unit 
illuminated area are essential for the development of practical use of biological hydrogen 
photoproduction. 

As reported in the 2nd year's annual report of this project, synchronously grown celIs bf 
Svnechococcus sp. Miami BG 043511 which were taken at the phase of maximum H2 
accumulation, had significantly higher H2 photoproduction activity than batch culture cells which 
were taken at their highest H2 photoproduction potential. . 
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Using newly constructed higher light intensity systems and using synchronously grown 
cells of unicellular nitrogen fixing cyanobacterium, Svnec hococcyS sp. Miami BG 0435 11, several 
series of experiments were carried out to examine the effect of cell densities for obtaining the 
maximum accumulation (production) of H2 per unit volume of suspension in closed vessels. 

The light intensi chosen for this study was 1,000 pE/m2kC- which is daily average 
sunlight intensity receive B in tropical and subtropical areas. 

Figure 18 shows the effect of cell density on H2 photoproduction. Cell density was 
expressed in the figure by mg chUml cell suspension. H2 photoproduction was increased with cell 
density up to 0.8 - 1.0 mg chvml cell suspension and decreased in higher cell densities. 

Several series of experiments confirmed that as much as 7 ml of H2 per ml cell suspension 
(Table 2) was produced in 12 hrs. illumination period. This is a highest amount of H 2  
photoproduction thus far reported in a closed vessel. 

As also shown in Fig. 18, H2 and 0 2  were produced at approximately a 2: 1 ratio at low 
cell densities, however at cell densities greater than 1 mg chl/ml cell suspension, only H2 was 
produced. This data shows that at the roper cell densit (Le. 1.2 mg chyml cell suspension) it is 

with tempo& separation of H2 and photoproduction could be important for the applicanon of 
biological H2 and 0 2  photoproduction were potentially hazardous and gas separation procedures 
are expensive and energy consuming. 

VIII. LONGER TERM H2 PHOTOPRODUCTION BY IMMOBILIZED MARINE 

possible to harvest large amounts of 8 2 gas without d2 contamination. This method together 

UNICELLULAR N2-FIXING CYNOBACTERIUM, SYNECHOCOCCUS 
SP. MIAMI BG 043511. 

Immobilized cells have the advanta e of reusability and long-term H2 production. It was 

produced higher amounts of H2 than their free cell counterparts (Philips and Mitsui 1986). In an 
outdoor experiment, the immobilized cells of BG 7 produced H2 for more than 1 month. 

To keep long-term and stable H2 photoproduction, the immobilization technique was 
introduced to marine cyanobacterium, SvnechococcuS sp. Miami BG 0435 1 1. The synchronously 
grown cells, which have a high activity of nitrogenase, were immobilized in agar (1.5%) at high 
cell density (ch1.a; 0.8-1.0 m & d )  which is the optimum density for H2 photoproduction for free 
cell experiments. The agar cube size was approximately 2-3 mm. Fig. 19 shows that the 
hydro en was photoproduced in immobilized cells and it was prolonged by harvesting the gas 

was temporally separated, even in immobilized cells (data not show). These data indicate that 
immobilization is a useful technique for H2 photoproduction studies. 

reported that the immobilized filamentous 8 2-fixing cyanobacterium, Oscillatoria sp. Miami BG 7 

when k 2 production stopped. The more frequent measurementsshow that H2 and 0 2  production 

Fig. 20 shows the temporal appearance of nitrogenase activity during and after the different 
darkhight periods were introduced to the immobilized cells. The nitrogenase activity temporally 
appeared in all immobilized cells. Among those, 12/12 of D/L cycles were the most suitable for 
obtaining a clear tempord appearance of nitrogenase at 24 hr. intervals. Fig. 21 showed that the 
high nitrogenase activity cells produced more H2 than the low nitrogenase cells. To obtain a 
higher amount of H 2  photoproduction and long-term production, various times of the 
photosynthesis period (incubation in the growth medium) were introduced when the H2 
photoproduction was stopped (Fig. 22). By this treatment, H2 production lasted for more than 2 

’ 
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weeks. The time of insertion of the photosynthesis period seemed to be sufficient at 6 hr. These 
immobilized cells were kept for 2 days after H2 production stopped, and then one more period of 
photosynthesis was inserted. Fig. 23 shows that immobilized cells maintain the ability of H2 
photoproduction for several days. 

These results clearly indicate th the insertion of short term photosynthesis processes into 
the H2 photoproduction process in immobilized cells, H2 production lasts for long time periods. 
Further improvement of the rates and terms of H2 photoproduction by immobilized cells of this 
strain will be made in the 4th year's study. 

CONCLUDING REMARKS 

Currently, the energy consumed to meet residential, commercial, industrial, and 
transportation needs, is largely derived from fossil sources (i.e. coal, petroleum, and natural gas). 
These fossil fuels are carbon compounds, and C 0 2  is the major end product of their combustion. 
Fossil fuels also produce nitrogen oxides, sulfur oxides, and other gases. These end products can 
be the cause of global environmental change, health hazards, and material corrosion. Although it is 
necessary to develop the technology to remove or reduce the CO2 and other pollution gasses 
produced, the complete removal of these substances from all of their sources, and substantial 
reduction of these gasses from the atmosphere may be difficult and unrealistic. Pollution 
producers and business profiteers are currently ignoring the enormous cost that pollution damage is 
incurring on both health and the environment. In addition, the cost of preventing further 
environmental and health damage is immense. 

Hydrogen is an efficient fuel and does not produce C02 or the other pollutive gasses 
mentioned above. The sole product of hydrogen combustion is water. Thus, one way to prevent 
the build up of health hazards and global changes to the environment would be to replace fossil- 
oriented carbon fuels with hydrogen fuel. 

Hydrogen gas can be produced from electrical, thermochemical, nuclear, and solar energy. 
However, hydrogen production should not be associated with the production of C02 or other 
pollutants. Therefore, the most publicly acceptable method of hydrogen production is the use of 
solar energy. 

It is necessary to develop the proper technology by the different methods of hydrogen 
production from solar energy and water. Both solar energy and seawater are abundant in tropical 
and subtropical areas. Unique marine photosynthetic microorganisms, which catalyze the 
production of hydrogen from water, can also be found in these marine environments. Thus 
situated in a suitable environment, our research center has been dedicated to the development of 
these techniques since 1972, using solar energy, seawater,. and marine photosynthetic 
microorganisms. 

Step by step progress is being made at our research center, with both national and 
international cooperation. 5 year's DOELNREL's project of this Biological Hydrogen 
photoproduction, which now completed for the 3rd year's research, are greatly helpful for the 
overall objectives. We hope that our research progress into the biological photoproduction of H2 
fuels in the future. 
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PHOTOBIOLOGICAL PRODUCTION OF HYDROGEN 
SOLAR ENERGY CONVERSION WITH CYANOBACTERIA 

Edward J. Bylina 
Pacific Biomedical Research Center 

University of Hawaii at Manoa 
Honolulu, Hawaii 96822 

INTRODUCTION 

Hydrogen production in cyanobacteria is particularly attractive because these organisms 
are able to generate their own source of organic substrates using light energy and use 
water as their ultimate source of reductant. Three basic enzyme systems are involved in 
hydrogen metabolism in cyanobacteria: nitrogenase, uptake nitrogenase, and reversible 
hydrogenase (Houchins 1984). 

Nitrogenase, which is rapidly inactivated by oxygen, catalyzes the reduction of protons to 
hydrogen in both heterocystous and non-heterocystous organisms. Evolution of hydrogen 
by nitrogenase always accompanies nitrogen fixation. The formation of heterocysts 
allows organisms with these specialized cells to fix nitrogen under aerobic conditions, 
while most non-heterocystous organisms capable of nitrogen fixation can do so only 
under anaerobic conditions (Rippka et ai., 1979). However, aerobic hydrogen fixation 
has apparently been observed in a limited number of non-heterocystous cyanobacteria 
(Pearson et al., 1979; Carpenter & Price, 1976). Uptake hydrogenase is found almost 
exclusively in heterocysts (Houchins & Burns, 1981a; Peterson & Wolk, 1978), is typically 
membrane-bound in cyanobacteria (Houchins & Burns, 1981b), and functions to 
recapture hydrogen produced by nitrogenase. While the role of the reversible 
hydrogenase is presently unclear, it is probably also involved in hydrogen uptake. This 
enzyme is present in both non-heterocystous organisms and the vegetative cells of 
heterocystous cyanobacteria (Houchins, 1984; Ewart & Sriiith, 1989a). Immunochemical 
analysis (Ewart & Smith, 1989) conflicts with earlier results which indicated that this 
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enzyme. is present in heterocysts. m e  reversible hydrogenase appears to be associated 
with the cytoplasmic membrane (Kentemich et al., 1989). This soluble hydrogenase has 
been purified fromAnabaena cylindrica (Ewart & Smith, 1989b) and consists of a 42 
kDa subunit and a 50 kDa subunit. The gene encoding the 42 kDa subunit has been 
cloned and sequenced (Ewart et al., 1990). 

In order to capitalize on this photosynthetic production of hydrogen, one must gain a 
better understanding of the mechanisms and regulation of the systems involved. This is 
especially important in view of the fact that hydrogenase-mediated recapture of hydrogen 
appears to be one of the limiting factors on the evolution of hydrogen gas in 
cyanobacteria. While inuch attention has been directed at the nitrogenase system in 
cyanobacteria, the hydrogenase systems have not been characterized as well. 
Hydrogenases have been purified to varying degrees of homogeneity and studied from a 
number of cyanobacteria (Houchins & Bums, 1981b; Kentemich et al., 1989; Ewart & 
Smith, 1989b; Rao & Hall, 1988), but molecular biological studies of cyanobacterial 
hydrogenase systems are only beginning. Hydrogenase genes have been isolated and 
sequenced from a number of other bacteria. including Bradyrhizobium japonicum 
(Sayaredra-Soto et al., 1988), Desulfovibrio gigas (Li et al., 1987), Desulfovibrio baculatus 
(Menon et al., 1987), and Rhodobacter capsulatus (Leclerc et al., 1988). These genes 
may be useful in the identification of the genes for the cyanobacterial uptake 
hydrogenases. 

Anabaena sp. strain PCC 7120 (ATCC 27893) is a well-characterized heterocystous 
cyanobacteria which can serve as a model system for hydrogen metabolism. Both 
uptake and reversible hydrogenases have been partially purified from this organism 
(Houchins & Bums, 1981a, b). A large number of genes from this organism have been 
cloned and sequenced, including many genes involved in nitrogen metabolism and 
heterocyst formation. Anabaena sp. PCC 7120 is kenable  to genetic manipulation. 
DNA transfer via conjugation (Thiel & Wolk, 1987) into this organism has been 
developed. Shuttle vectors, capable of replication and selection in both E. coli and 
Anabaena have been constructed (Wolk et al., 1984). Site-directed inactivation of genes 
in the Anabaena sp. PCC 7120 chromosome has been demonstrated (Golden & Wiest, 
1988). A technique for positive selection of these double recombinants in the Anabaena 
chromosome has been developed (Cai & Wolk, 1990). These genetic tools facilitate the 
use of  this Anabaena species as a model for the study of the molecular biology of 
cyanobacterial hydrogen production. 

. 

Although Spirulina species do not form heterocysts and do not fix nitrogen 
(Durand-Chastel, 1982), these organisms are capable of hydrogen evolution (Gu & 
Wang, 1984). While hydrogen production in Anabaena species is predominantly formed 
by nitrogenase, hydrogen evolution is catalyzed by hydrogenase in S$rulina. The 
Spirulina hydrogenase has been partially purified (Gu & Zhou, 1987). No genetic system 
has yet been described for these organisms. Characterization of hydrogen evolution in 
this system is important, since Spirulina is already cultivated on an industrial scale, 
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In this report, we describe our efforts to identify the structural genes of cyanobacterial 
hydrogenases in Anabaena sp. PCC 7120 using hybridization experiments. Our efforts to 
isolate the uptake hydrogenase genes in Anabaena sp. PCC 7120 have been unsuccessful 
using a number of different probes. Our preliminary results for soluble hydrogenase 
appear promising. We are currently obtaining sequence information from a DNA 
fragment which hybridized to the Anabaena cylindrica soluble hydrogenase genes. We 
have obtained a species of Spiiulina used by Cyanotech (located in Hawaii) and have 
initiated experiments using this strain. 

RESULTS AND DISCUSSION 

While the overall protein sequence homology between the hydrogenases that have been 
characterized (Sayaredra et ’al., 1988; Li et al., 1987; Menon et al., 1987; Leclerc et al., 
1988) is rather low, conserved regions are observed the small and large subunits of 
these hydrogenases. The sequence Gly-Cys-Lys-Gly-Pro is conserved among the small 
subunits, Among the large subunits, several sequences are conserved. These include: (1) 
His-Phe-Tyr-H~s-Leu-(~s/Ala)-AlaLeu-Asp, (2) Arg-Ile-Cys-Gly-Val-Cys, and (3) 
GlyArg-Asp-Pro-Arg-Asp. Oligonucleotides were designed based on these protein 
sequences (Fig.1). In an effort to confirm the results of the heterologous hybridization 
experiments, these oligonucleotides were then used as hybridization probes against 
restriction digests of the Anabaena chromosome. Chromosomal DNA fragments were 
transferred to nylon membranes (GeneScreenPlus, NEN) by the method of Southern 
(Southern 1975) after restriction endonuclease digestion and agarose gel electrophoretic 
separation of the Anabaena 7120 genomic DNA. Polynucleotide kinase was used to 
radiolabel the oligonucleotides. The large subunit probe (OLIGO 2) hybridized to a 9-kb 
HindIII fragment, simiIar to the results observed for the B. japonicum probe. The small 
subunit probe (OLIGO 1) hybridized to several Anabaena fragments (including a 2.1-kb 
HindIII fragment), however no hybridization to DNA fragments in the size range 
observed with the B. japonicum probe was observed with this oligonucleotide. 

5 ’ -  GGG TGC AAG GGG CC-3’ Sense oiigonucleotide corresponding 
A T  A A  to the conserved small subunit sequence 
T T Gly- Cys-Lys-Gly-Pro 
C C 

0LIs;O 2 
5 ’ -  GCA GAC GCC GCA GAT-3’ Antisense oligonucleotide corresponding 

A A A A  A to the conserved large subunit sequence 

Figure 1. Degenerate oligonucleotides based on conserved hydrogenase sequences. 

T T T Arg- Be-Cy s-Cly-Val-Cys 
C C 
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The oligonucleotide probe (OLIGO 2) was then used to probe the limited Anabaena 
7120 chromosomal DNA library constructed to identify the DNA fragment hybridizing to 
the B. japonicum probe. This library contains Anabaena DNA HindIII fragments of 
approximately 9 kb in length contained in a palindromecontaining positive selection 
(Elhai & Wolk, 1988) cloning vector. One of these plasmids (PLASMID 1) hybridized 
strongly to the oligonucleotide, but hybridized only weakly to the B. japonincrn probe. 
This plasmid was purified on a CsCldensity gradient and characterized further. 

After digesting DNA from PLASMID 1 with HindIII, the 9-kb insert DNA fragment was 
recovered from a preparative agarose gel by electroelution (Maniatis et al., 1982). This 
purified DNA fragment was used as the template in a primer-extension experiment, using 
OLIGO 2 as the oligonucleotide primer. This experiment indicated that the primer 
binds approximately 500 bp from one of the Hind111 sites of the 9-kb DNA fragment. "A 
unique 3-kb HindIII-EcoRV fragment isolated from this insert hybridizes to OLIGO 2 
and was cloned into M13 for sequencing by the dideoxy-method (Sanger et al., 1977). 
The fragment was cloned into M13 in both orientations, in order to use OLIGO 2 as a 
sequencing primer in one direction and the M13 universal sequencing primer from the 
end of the fragment in the other direction. The sequencing results are summarized as 
follows: (1) Readable sequence could not be obtained using OLIGO 2 as primer. This is 
probably due to the short length (15 nucleotides) and degeneracy (192-fold) of the 
oligonucleotide. (2) Using the M13 universal sequencing primer, the sequence of the 300 
bp at the end of the insert was determined. No open reading frame of any considerable 
length was observed in any of the three reading frames. This suggests that the structural 
gene of the uptake hydrogenase is not present on PLASMID 1. 

. 

The gene encoding the 42 kDa subunit of the soluble hydrogenase from Anabaena 
cylindrica has been cloned and sequenced (Ewart et al., 1990). A 1.4 kb EcoRI fragment 
from pATZHy (kindly provided by G. Smith), which contains this gene, was used as a 
hybridization probe against restriction digests of the Anabaena 7120 genomic DNA. 
Chromosomal DNA fragments were transferred to nylon membranes (GeneScreenPlus, 
NEN) by the method of Southern (Southern 1975) after restriction endonuclease 
digestion and agarose gel electrophoretic separation of the Anabaena DNA. The 
random primers DNA labelling system (BRL) was used to radiolabel the EcoRI 
fragment. The A. cylindrica probe hybridizes to the Anabaena 7120 DNA. For example, 
the probe binds to a -2.5 kb Hind I11 fragment. 

Limited Anabaena 7120 chromosomal DNA libraries have been constructed in order to 
isolate DNA fragments hybridizing to the hydrogenase probes. First, restriction 
fragments of Anabaena 7120 genomic DNA were size fractionated on agarose gels, 
pooled together, and recovered by electroelution. These purified restriction fragments 
were inserted into the multiple cloning site of a palindrome- containing positive selection 
(Elhai & Wolk, 1988) cloning vector (Figure 2). The resulting libraries consist of 
plasmids containing selected size DNA restriction fragments of the Anabaena 7120 
chromosome. Our efforts to probe the Anabaena 7120 HindIII library which contains 
DNA fragments ranging in size from 2.3-2.8 kb with the DNA fragment containing the 
A. cyZindrica soluble hydrogenase gene have been successful. Three of the 140 clones in 
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our selected size library hybridize to the probe. We are currently subcloning these 
inserts in M13 to obtain DNA sequence from these fragments and confirm whether they 
contain the soluble hydrogenase gene. 

Characterization of the SpiruZina culture obtained from Cyanotech is well underway. 
Cultivation of this strain in 50% Zmouk's medium (Tedesco & Duerr, 1989) was 
established, and the natural resistance to a number of antibiotics was determined. 
Cyanobacterial growth was inhibited by low levels (< 5 pg/ml) of chloramphenicol, 
erythromycin, spectinomycin and ampicillin. Resistance to kanamycin was observed- 
growth in the presence of 500 pg/ml kanamycin was similar to the no antibiotic control. 
Cultivation on solid media was established. Spirulina grows well on either 1% agar or 1% 
agarose (containing 50% Zarrouk's medium). Regeneration of SpiruZina filaments from 
fragments containing only a few cells will be necessary for the establishment of a genetic 
system. Regeneration from fragments as short as 6-10 cells has been reported (Lee, 
1989). Our initial efforts to regenerate filaments from short sonication-generated 
fragments have not been successful. Since the original culture was contaminated with a 
number of other organisms, experiments to isolate an axenic culture of SpiruZina were 
initiated. After repeated subculturing (transfer of single filaments from either liquid or 
solid media to fresh liquid media containing kanamycin), the culture was determined to 
be axenic by both microscopic examination and the lack of contaminant growth on plates 
containing rich media. Now that the strain is free of contaminants, larger scale (1-2 liter 
volumes) cultures are being grown for purification of hydrogenase, chromosomal DNA, 
and restriction enzymes. 

We have tentatively identified the restriction enzymes present in SpiruZina pacifica. 
Soluble protein extracts were fractionated on a DEAE-cellulose anion exchange column 
(Kawamura et al., 1986). Three unique retriction enzymes eluted off the column at 
different NaCl concentrations. Each of these enzymes is an isoschizomer of a 
commercially available enzyme. In addition, a non-specific DNase activity was also 
observed. 

FUTUU WORK 

We are pursuing several research goals with respect to our experiments with Spirulina. 
Since SpiruZina species are probably the most commercially exploited among the 
cyanobacteria, experimental successes may have some practical applications. The 
Spirulina hydrogenase will be purified to homogeneity, incorporating the published 
purification protocols (Gu & Zhou, 1987). Once the complex has been purified, amino 
acid sequence information will be obtained. A cosmid library of chromosomal DNA 
isolated from SpiruZina will be constructed as described (DeRossi et al., 1985). 
Oligonucleotide probes based on the hydrogenase amino acid sequence will be used to 
identify the structural hydrogenase genes. At the same time, efforts to establish a 
genetic system in Spirulina will be underway. The presence of restriction endonucleases 
in Spirulina (Kawamura et al., 1986) will be reconfirmed. DNA to be introduced into 
Spirulina will be modified to make it resistant to cleavage by these restriction enzymes. 
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Electroporation and particle gun technologies will be investigated. 

Once the structural genes of the hydrogenases from Anabaena have been isolated, 
characterized and sequenced, the chromosomal copies of these structural genes will be 
mutagenized in order to determine how site-directed inactivation of the 
hydrogenase structural genes affects hydrogen metabolism in Anabaena 7120. Several 
steps are involved in this procedure: (1) interposon mutagenesis (Scolnik & Haselkorn, 
1984) will be used to disrupt the gene of interest. (2) This disrupted gene is cloned into 
a plasmid which both cannot replicate in Anabaena and contains the conditionally lethal 
sacB gene (Gay et al., 1983). (3) The plasmid is conjugated into Anabaena. Selection for 
the antibiotic marker contained in the interposon results in a single recombination event 
which integrates the plasmid into the Anabaena chromosome (Golden & Wiest, 1988). 
The unmodified chromosomal copy of the gene of interest is still present in the genome. 
(4) Cells containing the sacB gene will be killed in the presence of 5% sucrose. A 
double recombination event will result in the loss of the sacB gene from the Anabaena 
chromosome. Double recombinants (in which the unmodified copy of the gene is lost 
from the chromosome) are selected (Figure 4) by plating the initial exconjugants on solid 
media containing 5% sucrose (Cai & Wolk, 1990). Since the sacB gene can also be used 
to make unmarked chromosomal modifications (Ried & Collmer, 1987), multiple 
modifications can be introduced into the chromosome without the need for multiple 
antibiotic resistance markers. 

The future of genetic engineering approaches to hydrogen production in cyanobacteria 
looks bright. Rapid advances are taking place in the ability to genetically manipulate 
cyanobacterial strains. As we learn more about the molecular basis of hydrogen 
metabolism in cyanobacteria, these advances can be used to redirect the metabolic 
energies of the cyanobacteria toward the production of hydrogen. 
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Figure 2. Schematic outling the use of a palindrome-containing positive selection cloning vector to construct 
libraries containing selected size DNA restriction fragments of the Analaena 71 20 chromosome. 
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. Abstract 

Many microbes, especially photosynthetic microbes, evolve and consume hydrogen as a normai part of 
their metabolic activities. Several distinct metabolic mechanisms have been examined for their potential 
for large-scale production of hydrogen. Ideally, the biological process should meet the following criteria: 
(1) hydrogen derived from water; (2) solar driven; (3) highly efficient; (4) durable; (5) insensitive to 
hydrogen pressure; and (6) inexpensive to build and operate. Both whole-cell and cell-free systems have 
been identified that meet, or have the potential to meet, most of these criteria. Of the whole-cell systems, 
only the nitrogenase- or hydrogenase-mediated metabolisms of photosynthetic bacteria are currently 
capable of producing hydrogen over prolonged periods (months). Nitrogenase-based systems produce 
H, at rates up to 13 1 pmoI/min-g cdw. A fermentative hydrogenase is capable of evolving H2 more than 
3-fold faster at much lower radiant energy inputs, but equilibrates at low partial pressures of H2. This 
metabolism has proved useful in enhancing the conversion of organic acids into methane in co-cultures 
with methanogenic bacteria, however. Most promising are pure strains of photosynthetic bacteria that 
are able to produce hydrogen at ambient temperature and pressure from carbon monoxide (in synthesis 
gas) at rates up to 1520 pmollmin-g cdw and for durations of up to 3 months. 

Cell-free work continued on reversibly binding and electrically linking hydrogenase and water-splitting 
enzyme complexes (PS 11) to electrodes. In this hybrid biological/electrochemical system sunlight should 
drive water oxidation that is coupled exclusively to hydrogen production. Graphite and tin oxide 
electrodes have been surface derivatized with quinone (electron acceptor for PS 11) and other 
electrochemically active functional groups. When oxidized, a positive charge on the electrode surface 
electrostatically binds negatively charged biological materials. When the functional groups on the 
electrode are electrochemically reduced, thereby generating a negative surface charge, the biological 
materials are released. This cycle will permit the facile replacement of spent enzymes. As a test system, 
up to 93 % of intact bacterial cells in a flowing stream were bound to an oxidized electrode surface where 
they remained metabolically active in a monolayer film. Upon reduction of the electrode, 83% of the 
adsorbed cells were released in a viable state. Multiple cycles of binding and release could be observed. 
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Introduction 

An economic process for producing hydrogen, whether biologically or chemically based, woujd ideally 
be: (1) H,O derived; (2) solar driven; (3) highly efficient; (4) durable; (5) insensitive to hydrogen partial 
pressure; and (6) inexpensive to build and operate. A complete system fulfilling all of these goals is not 
currently available. Of the biological options, systems employing intact cells of photosynthetic bacteria 
are the most advanced. Unlike cyanobacteria or algae, however, photosynthetic bacteria do not oxidize 
water. They instead require a reduced form of carbon, which may be biomass and therefore indirectly 
derived from water, as their source of electrons and protons for H, production. They are capable of 
producing H, at high rates over long periods of time, however. 

The desired criterion of sustained hydrogen production based on water oxidation is the most difficult to 
achieve. Oxygen production is inherent in the oxidation of water, and the hydrogen evolving enzymes 
of cyanobacteria and algae are usually rapidly inactivated by oxygen. Some oxygenic microbes have 
partially solved this incompatibility by temporally or spatially (e.g., nitrogenase found in relatively Q- 
impermeable heterocysts) separating 0, production from N2 metabolism. A second difficulty with 
application of intact cell systems is that much of the reductant that they generate goes to other metabolic 
functions, such as CO, reduction, rather than H, production, and therefore, solar efficiencies are low. 
To bypass these intrinsic problems, we are attempting to immobilize only the water oxidizing enzyme 
complex on one side of an electrode and electrically link it with an immobilized hydrogenase enzyme on 
the opposite side. Oxygen and hydrogen production sites are spatially separated, and electrons from 
water oxidation are funnelled exclusively into H, production. Since enzymes have finite lifetimes and 
must be replaced, we are incorporating a method to reversibly bind &d release the biological materials 
to the electrode surfaces. The electrodes themselves are therefore reusable. 

Results and Discussion 

Intact-Cell Options for Hydrogen Production 

Of the intact cell metabolisms of phototrophs that evolve hydrogen, the nitrogenase-mediated reactions 
have been the most studied. Nearly all isolates of photosynthetic bacteria have a nitrogenase enzyme 
complex (l), which, in the absence of ammonium ion or dinitrogen gas and in the presence of oxidizable 
organic materials, functions to reduce protons and evolve hydrogen. Hydrogen evolution is largely light 
dependent (2) and strongly exergonic. The hydrolysis of about 4 ATP (largely synthesized in light) is 
required to generate each H2 and can drive the gas production to equilibrium pressures in excess of 100 
atmospheres (Table 1). Radiant energy conversion efficiencies (ignoring the chemical energy of the 
organic substrate) is about 5.3% for the most active strains of photosynthetic bacteria. Outdoor, solar- 
driven efficiencies were 3.4%. 

Many strains of photosynthetic bacteria also produce hydrogen from organic substrates by way of a 
fermentative hydrogenase enzyme when grown in darkness, or intermittent or low continuous light (3). 
High, continuous light represses synthesis of the enzyme. The enzyme does not require ATP. It can 
mediate hydrogen production at rates more than 3-fold those of nitrogenase. However, it equilibrates at 
low partial pressures (Table 1). The active rates of hydrogen production can thus only be maintained by 
sparging with inert gas, by vacuuming, or by scavenging with hydrogen-consuming processes (e.g., 
methanogenesis). When the fermentative hydrogenase of photosynthetic bacteria is induced in co-cultures 
with methanogenic bacteria, a large increase in methane production from organic acids is observed with 
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a limited input of radiant illumination. Excess methane levels are attributable to photoconversion of 
organic acids into transient levels of Ha, followed by its sequential scavenging and conversion to methane. 

Table 1. Biological Hydrogen Metabolisms 

Equilibrium 
Rate Pressure 

@mol H,/min-g cdw) (am.) 

1. Intact Cells 

A. Biomassderived H, 

1. Nitrogenase 
2. Fermentative Hydrogenase 
3. Uptake Hydrogenase 
4. CO-linked Hydrogenase 

€3. H,OBerived M, 

1 Nitrogenase 
2. Hydrogenase 

11. Cell Free (Enzyme Electrodes) 

A. H,Oderived H, 

1. PSI1 + Hydrogenase 

131 
440 
-60 
1520 

30 (ref. 5) 
29 (ref. 6) 

? 

> 100 
0.1 

> 2  

High? 
Low 

Mid? 

Uptake hydrogenase enzymes are also present in nearly all photosynthetic bacteria and normally function 
in the unidirectional reaction of hydrogen oxidation, probably due to the relatively high redox potential 
of the associated cofactors. The isolated enzymes exhibit reversible activity and may be of value in cell- 
free systems, although their oxygen sensitivity may preclude this. 

A unique type of hydrogen producing activity was found in a photosynthetic bacterium by Uffen (4) that 
functioned-only in darkness to shift CO and H,O into H, and CO,. We have isolated more than 350 
strains of photosynthetic bacteria that perform this reaction in light or darkness. High rates of activity 
could be observed in many strains for periods of three months with CO as the sole source of carbon. 
0, tolerance was observed in many strains. H2 production was stoichiometric with CO consumption in 
darkness in many strains. Final CO concentration was less than 18 ppm. Equilibrium pressures were 
in excess of two atmospheres (perhaps considerably higher) and specific rates of 1520 pmol H,/min-gram 
cell dry weight were obtained @able 1). Mass transfer of gaseous CO into the aqueous environment of 
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the bacteria was rate limiting. Twenty per cent CO in untreated synthesis gas generated by thermal 
gasification of biomass could also be shifted to H2 at similar rates. 

For comparison, representative rates are also given in Table 1 for the more direct production of H2 from 
H,O in cyanobacteria and algae. Both the nitrogenase-based, heterocystous cyanobacterial system (5) and 
the hydrogenase-based, green algal system (6) had to be continuously sparged with inert gas in order to 
prevent 0, inactivation. 

Cell-Free Options for Hydrogen Production 

The theoretical maximum efficiency of biological H2 production from water is about 10-12% (7) assuming 
that hydrogenase is the mediating enzyme. With a nitrogenase-based mechanism, the maximum efficiency 
should be decreased by about one-half if the aforementioned ATP requirements observed for 
photosynthetic bacteria are similar for cyanobacteria. Since the current intact-cell efficiencies of H2 
production from water oxidation are in the 0.1-0.3 % range, there is considerable room for improvement 
if the twin problems of 0, inactivation and competition for reductant can be overcome. 

A hybrid biological/electrochemical method is being developed that should confront these problems. The 
scheme is diagrammed in Figure 1. In this scheme the water-oxidizing enzyme complex (PSII) is attached 
to a conducting surface derivatized with quinone, the natural electron acceptor. Light shining on PSII 
oxidizes water and liberates 0, on the anodic side with electrons entering the electrode through quinone. 
Other photons absorbed either by a biomimetic chlorophyll or by a semiconductor photoelectrode elevate 
the electron energy sufficiently to reduce a. redox mediator, a viologen dye covalently linked to the 
cathodic surface. Reduced viologen dyes readily couple with hydrogenase enzymes which then reduce 
protons to produce H2 as the exclusive product. Our first choice for the hydrogenase enzyme to be used 
is the 02-resistant, CO-linked hydrogenase of identified strains of photosynthetic bacteria. When isolated, 
this enzyme produces H2 at rates in excess of 1 mol per hr per mg enzyme. 

Negatively charged biological materials will electrostatically bind to positively charged surfaces. By 
being adsorbed, thermal stability increases. In one case, @-inactivation of hydrogenase was decreased 
more than a thousand-fold when it was bound to an ion-exchange surface (8). Nevertheless, enzymes 
have finite lifetimes and must be replaced on the electrode surface if the whole apparatus is not to be 
discarded. To accomllish this, we are adding electroactive groups on the electrode surface that confer 
a positive surface charge when oxidized, which promotes binding, or a negative surface charge when 
electrochemically reduced, which promotes release. Spent enzymes can therefore be readily replaced 
without replacement of the derivatized electrode. 

Singly and in combinations, we have derivatized tin oxide and graphite electrodes with quaternary amines, 
ferrocenes, quinones, pyridinium, nickel and ruthenium complexes, and other functional groups to 
determine their ability to reversibly bind biological materials. As a test system, intact bacterial cells were 
bound to the oxidized electrode surfaces where they remained metabolically active in monolayer films. 
Upon reduction of the electrode, the adsorbed cells were released into an effluent stream in a viable state. 
Multiple cycles of binding and release could be observed with several of the derivatized electrode 
surfaces. 

On planar electrodes, monolayer bacterial coverage of the surface could be estimated by microscopic 
observation or by spectral quantitation of bacteriochlorophyll content from adsorbed photosynthetic 
bacteria gable  2). The per cent bacteria released upon reduction of the surface electroactive groups 
could be similarly estimated. 
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Table 2, Adsorption and Desorption of Bacteria 
to Electrochemically Active Electrode Surfaces - 

Electrode Derivative 
% Surface Covered 

by Bacteria 
% Bacteria Released 

from Surface 

Polyp yrrole: 
oxidized 
reduced 

88 
88 0 

Polyvinyl ferrocene: 
oxidized 
reduced 

Si-Linked Ferrocene: 
oxidized 
reduced 

Si-Linked Quaternary 
AminelQuinone: 

oxidized 
reduced 

Pyr+Q on Graphite 

Fc/TCNQ on graphite 

57 
22 60 

10 
- 1  

53 
1-26 

90 

50-98 

75 

93 

On high surface area graphite electrodes, bacterial adsorption and desorption was monitored by viable 
cell counts of the influent and effluent streams on either side of a 2 cm column of derivatized 0.5 mm 
graphite particles. Particles coderivatized with ferrocene and tetracyanoquinone in the oxidized state 
were able to bind up to 98% of the bacteria in the influent stream. Upon reduction of the electroactive 
groups, up to 93% of the adsorbed bacteria were released into the effluent. At least ten cycles of 
bacterial binding and release were observed. 

Future Work 

Whole-cell research will investigate binding high densities of cells to high surface area electrodes (e.g., 
graphite particles) in the absence of a bulk water phase. This should promote mass transfer of the CO 
component of a humid synthesis gas stream to the cells and enhance H2 production rates. 

173 





175 





ENGINEERING EVALUATlON OF HYDROGEN 
USES AND PRODUCTION 

Dr. Robert J. Copeland 
Daniel A. Feinberg 
Gilbert A. Hastings 

TDA Research, Inc. 
12345 W. 5 P d  h e .  

Wheat Ridge, CO 80033 

Abstract 

Renewable hydrogen has a multitude of potential uses. TDA Research, Inc. (TDA) is performing 
technical and economic analyses of hydrogen’s value in a) utility electricity generation, storage and 
transmission; and b) transportation. More detailed analyses of the most promising applications for 
hydrogen will follow those studies. In this paper, we report our preliminary findings for electric 
utility applications. Hydrogen competes successfully with other renewable energy storage 
technologies where seasonal storage is required. 

Introduction 

Renewable hydrogen is being considered for a wide range of uses, including: as a short- or Iong- 
duration energy-storage medium for electric utility applicatiqns; a transport vehicle fuel; a thermal 
energy source for residential, commercial, or industrial customers; a chemical feedstock; and a 
medium for long-distance energy transport. Because of this wide variety of applications, systems 
analysis is required to identify those applications for which hydrogen is the best alternative. By 
clearly identifying these applications and using a methodology and set of assumptions which are 
consistent with those used by other technologies [especially renewables such as photovoltaics (PVs)], 
the role of hydrogen can be more clearly defined. 

Objectives 

The evaluation of applications for renewable hydrogen will be done in three tasks. Task 1 consists 
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of an assessment of the use of hydrogen in electric utility applications as a storage and transmission 
medium. In Task 2 we will analyze hydrogen as a transportation fuel. Task 3 will produce more 
detailed analyses of the best applications identified in the previous two tasks. TDA is currently 
working on Task 1, and is awaiting approval to proceed on Tasks 2 and 3. 

Approach 

In this study we compare hydrogen to other renewable energy options which supply the same load. 
Although several recent studies have compared the cost of renewable hydrogen to non-renewable 
fuel sources and have estimated the environmental costs of the different options, time constraints 
do not permit us to. address the environmental costs. This study applies accepted analysis 
methodologies and consistent technical and economic assumptions: thus we can identify the lowest 
cost, environmentally benign, renewable energy technology to meet a given load. 

Hydrogen may be useful to electric utilities in both energy storage and transmission. We have 
analyzed the delivered energy cost and efficiency of PV-based electric power systems with pumped 
hydroelectric storage, hydrogen generation and storage, or both. The delivered energy cost has been 
calculated as a function of the quantity of energy storage (Le., hours at rated capacity). 

A major economic barrier to the adoption of renewable technologies is the mismatch between the 
insolation resource and land availability (which are greatest in the southwestern United States), and 
the major energy consumers (which are in the Northeast where the insolation is low and the land 
costs are high). One of the most widely recognized advantages of hydrogen is its low transmission 
cost. If the economics of energy transmission from the Southwest to distant markets could be 
improved with hydrogen, the potential applications for solar energy could be greatly increased. In 
addition, very large amounts of storage capacity can be added to the transmission system (at either 
end) for a very low incremental price. As a result, the transmission facilities can be sized for the 
average load, not for the peak load. Costs for storage-coupled renewable energy systems have been 
estimated for electric power generated in Albuquerque, NM and delivered to New York, NY. 
Transmission over this distance of approximately 2,000 miles is accomplished either by high voltage 
transmission lines or hydrogen pipelines. 

Analysis Assumptions 

The cost of producing hydrogen or electricity is the sum Table 1 Economic Assumptions 
of capital-related costs and operating costs. Capital- (Constant Mid-1 991 
related costs are typically converted to annualized costs Dollars) 
using a fixed-charge rate. Table 1 summarizes the Discountflate 6.1% 
economic parameters used in this study. Our analysis 

9.1 %2 
All costs from prior years were adjusted to mid-1991 Capital Factor 7.3%3 

928.6 dollars using the Marshall and Swift index ("Economic 
Indicators" 1991). Equipment Cost Index 

Two levels of photovoltaic costs have been used current 
DOE cost goals (U.S.D.O.E. 1987) and advanced 
technology. The DOE cost goals result in a reported 
electricity cost of 6.Oe/kWh in 1986 dollars, or 7.ldkWh 
in 1991 dollars. Ogden (1991) evaluated advanced PV technology over the range of 12% to 18% 

Facility Economic Life 30 years' 
has assumed constant 1991 dollars (Le., no inflation). Fixed Charge Rate 

Marshall and Swift 

' Except electrolyzer (20-year life) * 1 I .o% for 20-year items 
Based on 30-year fixed-charge rate 
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module efficiency. Our costs 
are based on the mid-point 
(15%) efficiency, resulting in a 
electricity cost of 3.7gkWh. 
Table 2 summarizes the 
components of cost for the 
near-term and advanced PV 
cases. 

Photovoltaic systems operating 
without storage can deliver 
power to the grid only 25% of 
the year. Adding storage can 
increase this fraction. Iannucci 
(1a78) calculated the annual 
solar energy availability as a 
function of the quantity of 
storage. We used that data with 
the latest insolation data 
(U.S.D.O.E. 1987) to calculate 

Table 2 Major Assumptions for Near-Term and 
Advanced Photovoltaic Electric Generation. 

Near- Advanced 
Term' Technology2 

Module Capital Cost, $/m2 80 44.09 
Area-Related BOS Cost, $/m2 55 38.38 
Power-Related BOS Cost, $/kW 150 included 

above 
Cell Efficiency 20% 15% 
BOS Efficiency 85% 89% 
Avg. Beak Insolation, kW/m2 4,1 I .0 
Temperature Correction 90% t 00% 
Annual Solar Availability, kWh/m2-yr 2,400 2,408 

System Efficiency 15.3% 13.35% 

Electricity Cost e/kWh 7.3 3.7 

O&M, $/m2-yr 1.1 0.52 
Indirects 50% 25% 

Annual Production, kWh/m2-yr 367.2 328.4 

Sources: 'U.S.D.O.E. 1987 
20gden 1991 

the annual solar availability vs. storage relationship shown in Figure 1. Energy storage systems 
added to PV systems thus increase the fraction of the day (and the year) at which power enters the 
grid, but this storage increases cost and lowers efficiency. 

Near-Term PV Technology with Storage 

In order tQ evaluate the economics of renewable hydrogen for energy storage in electric utility 
applications, we have defined several integrated systems. These systems are shown schematically in 
Figure 2 and Figure 3 and discussed in the following paragraphs. 

Photovoltaics with Pumped Hydroelectric Storage 

PV with pumped hydroelectric storage is a simpIe way to deliver renewabIe electricity to the utility 
grid. Other energy storage technologies such as batteries and superconducting magnets will be 
covered in future work. Pumped hydro uses energy to pump water to storage ponds or lakes at high 
elevations and later uses this water to generate electricity. The availability of pumped hydro storage 
is somewhat limited by topographic factors; however, for this screening level of analysis we assume 
that it is available at a scale which matches the PV power plant. The capital costs of $6OO/kW 
(power-related) and $lO/kWh (energy-related) and 77% efficiency for pumped hydro have been 
taken from Braun et al. (1990). PV-generated electricity is direct current (DC) and must be 
converted to alternating current (AC) for distribution on the utility grid. DC/AC conversion 
operates at 96% efficiency (Braun et at! 1990) using commercially available technology. 

Photovoltaics with Hydrogen Storage 

We defined an equivalent hydrogen-based system. The hydrogen is generated from water in an 
electrolyzer. The state-of-the-art alkaline water electrolyzer operates at 85% efficiency (Block et aZ. 
1987), with a DC-electrolyzer coupling efficiency of 93% (Ogden et al. 1989). Hydrogen can be 
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compressed and stored either above ground in tanks or underground in natural or man-made storage 
vessels, with a round-trip efficiency of 95% (Braun et aL 1990). Hydrogen is converted back into 
electricity by fuel cells. The National Hydrogen Association estimates that phosphoric acid fuel cells 
(PAFC) cost $11OO/kW and operate at 48.5% efficiency (Mauro 1992). We calculated the cost for 
hydrogen storage at $0.12/kWhe with an underground compressed gas storage facility. The costs of 
solution-mined salt-domed storage of natural gas were taken from Joyce et aL (1988). 

Combined Pumped HydrofHydrogen System 

We developed a third system which is designed to utilize the best features of both hydrogen and 
pumped hydro storage (Figure 3). We use inexpensive pumped hydro for the short-term storage, 
and rely on hydrogen only for very long-duration storage. With 15 hr of pumped hydro storage, and 
85 hr of hydrogen storage (for a total of 100 hr), 33% of the energy is delivered directly through the 
PV cell, 47.5% through pumped hydro and 19.5% through hydrogen. At a total storage capacity of 
845 hr (enough to deliver energy to the grid essentially year-round) hydrogen accounts for 25% of 
the total energy. 

Comparison of Storage Alternatives 

Based on storage cost alone, hydrogen would seem to be the preferred option. But the overall 
delivered power costs must include all the system components, and must take into account the 
efficiencies of these components. Figure 4 shows the delivered electric power costs of the three 
near-term storage options as a function of storage capacity. PV-pumped hydro delivers power at 
7-12@/kWh with 15 hr or less of storage; hydrogen storage nearly doubles the cost of delivered 
electricity until storage capacities greater than 100 hr are reached. The combined pumped 
hydrobydrogen system, however, is competitive with pumped hydro alone at 100 hr and much less 
expensive at higher storage capacities. 

Advanced Technologies with Energy Storage 

The costs and/or efficiencies of hydrogen generation and conversion technologies can be improved 
by research and development. According to Ogden (1991), PVs could produce power at 3.7@/kWh 
(in mid-1991 dollars, Table 2), and can also be used to generate low-cost hydrogen. The PV-pumped 
hydro system is the same as in the near-term case. However, several advanced hydrogen options will 
now be considered. 

Advanced Hydrogen Production Systems 

Several variations to the hydrogen system were examined. The first uses the alkaline water 
electrolysis cell (identical to the near-term cases in cost and efficiency), along with the solid-oxide 
fuel cell which has an efficiency of 52.5% (Mauro 1992). Substantial efficiency gains are possible 
by running the fuel cell in reverse as a steam electrolysis cell. Such a cell could operate 
autothermally at 100% efficiency (electricity to hydrogen). An autothermal steam electrolyzer with 
high temperature heat supplied by a solar thermal collector array could further reduce the PV power 
required. The solar thermal collector generates steam which is then electrolyzed by the PV power. 
Since heat is more efficiently collected then electricity, the equivalent electrolyzer efficiency is 109% 
based on PV power input alone. 
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Direct photochemical hydrogen production is shown in Figure 3. Copeland (1990) analyzed a 
reactor system in which the solar collector-photocatalyst module floats on the surface of a shallow 
pond. Costs of support structures are much lower than for photocatalyst systems mounted on either 
flat-plate or concentrating solar collectors. Economic analysis showed that hydrogen could be 
produced from the pond system for as little as $9.00/MMBtu. However, the system requires both 
a high-efficiency, low-cost photocatalyst and a low-cost support, neither of which has been 
successfully developed. The pond case represents the potential for photochemical hydrogen 
production, rather than demonstrated technology. 

We have also combined the photochemical pond with the PV-pumped hydro system operating in 
parallel. With advanced hydrogen technology, 6 hr of pumped hydro was optimum. With the 
addition of 94 hr of hydrogen storage (for a total of 100 hr), 33% of the energy is supplied directly 
by PV, 25% comes through pumped hydro, and 42% is supplied by hydrogen. At a total storage 
capacity of 845 hr (year-round operation, with 6 hr pumped hydro and the rest hydrogen), hydrogen 
accounts for 46% of the total energy. 

Comparison of Storage-Value-Only Scenarios 

Figure 5 shows the delivered electricity costs for the various storage options, based on Ogden's 
3.7~/kWh PV cost scenario. We did not assume that the cost of pumped hydro storage could be 
improyed by research; these values are the same as for the near-term case. As was seen in the near- 
term cases, conventional (and even advanced) electrolyzer/fuel cell technology cannot compete with 
BV-pumped storage at storage capacities below 100 hr. Only the photochemical pond appears 
promising below that amount of storage. The combined pond/PV-pumped hydro cases provide 
additional cost savings at large storage capacities, about O.Se/kWh each, with the 6-hr pumped 
hydro/remainder pond case the least expensive alternative. 

Advanced Technology for Energy Transmission 

Figure 6 shows the systems we evaluated for energy transmission over the 2,000 miles from 
Albuquerque to New York. Energy storage is included at both ends of the transmission line. We 
evaluated hydrogen production via PV power and electrolysis and the advanced technology 
photochemical hydrogen pond. 

The costs for high-voltage AC electric transmission were obtained from the Electric Power Research 
Institute's TechnicuZAssessment Guide (EPRI 1986). Our calculations were based on a 500 kV line, 
the smallest line which could carry 1,000 MW,. Actual high voltage line losses are very complex 
functions of the connected loads, substations, etc. Dedicated Iines might have higher efficiencies, 
but longer lines might have lower efficiencies. The 91% efficiency we assumed is the current 
national average (U.S.D.O.E.E.I.A. 1991). 

Hydrogen pipeline costs for the advanced cases were taken from data for 36-inch natural gas 
pipelines in the most recent Oil and Gas Journal "Pipeline Economics Report" (True 1991). We 
adjusted the flow rates for the difference in properties of the gases and assumed that the advanced 
case cust of a hydrogen pipeline would not differ significantly from the costs reported by True 

Figure 7 shows the delivered costs for electricity transmitted 2,000 miles by either high voltage AC 

(1991). 
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or by hydrogen pipeline. Again, the combination of electrolysis (water) and fuel cell (solid oxide) 
does not compare favorably with electric transmission unless very large quantities of storage are 
required. The lower cost and higher efficiency of hydrogen storage and transmission cannot 
compensate for the efficiency losses in the fuel cell, and the resulting higher ratings of all 
components. If a good photochemical hydrogen pond system could be developed and coupled with 
a pipeline, this system could be attractive at storage of 30 hr or more. 

Conclusions 

Both near-term and advanced hydrogen technologies can be cost effective for seasonal 
storage of electric power. 

Advanced hydrogen technology can be a cost effective means for energy transmission across 
long distances, as long as significant storage is required. 

Hydrogen does not compete well against conventional electricity storage and transmission 
technologies when small amounts of storage are required (Le., 15 hr, or an equivalent solar 
fraction of 73%). 

This paper is an interim report of a study in progress. TDA will be evaluating other types of 
electricity storage (e.g., batteries, compressed air), and conducting sensitivity studies on key 
parameters in the analysis (e.g., fuel cell cost and efficiency, and PV cell efficiency). 
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Figure 1 Relationship between storage and annual solar availability (lannucci 1978, based 
on insolation data for Albuquerque). 

Figure 2 Energy storage options. 

Figure 3 Energy storage options (cont.) 

Figure 4 Comparative electricity costs for near-term storage options. 

Figure 5 Comparative electricity costs for advanced'storage options. 

Figure 6 Energy transmission options. 

Figure 7 Comparative electricity costs for advanced storage and transmission options 
(2000 mile transmission distance). 
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Abstract 

The solar hydrogen energy system and its components have been analyzed in detail. The model has 
been built which then has been used to design and to analyze the energy system for the U.S. based 
on utilization of renewable energy sources (solar, wind and hydro) and hydrogen and electricity as 
energy carriers. The analyses of the solar hydrogen energy system included environmental effects, 
materials and energy requirements, and costs. When utilization efficiency and environmental benefits 
are taken into account, it appears that the solar hydrogen energy system provides energy services at 
the costs lower than those provided by the fossil fuels or by the coal based synthetic fuels. This system 
is technically feassible and it could substitute for the fossil fuels in almost every application. 

introduction 

This paper is a summary of the three years research under the Task "A" entitled Hydrogen Systems 
Application Analysis. The objectives of this study were (1) to evaluate the potential of hydrogen 
produced from renewable sources as a fuel for different applications, (2) to investigate the 
assimilation of renewable hydrogen into the overall energy economy, and (3) to identify technologies, 
as well as research and development, needed to initiate such an option. 

If the solar hydrogen energy system is going to be implemented as an alternative or as a substitute 
for the present energy system which is mainly based on fossil fuels, it should satisfy the following 
prerequisites: 

it should provide essentially the same services as the present energy system, 
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it should not cause any harmful impacts on the environment, 
it should provide a stable and long term basis for the human socio-economic system. 

In order to investigate whether the solar hydrogen energy system can, and under which circumstances, 
satisfy these prerequisites, a series of analyses of the system, its components, and its interactions with 
the environment and the economic system have been conducted. 

Analysis of Solar Hydrogen Energy System and Its Components 

The solar hydrogen energy system consists of the following subsystems: hydrogen production, 
hydrogen storage and delivery, and hydrogen end-use. Each of these components includes several 
technologies. Those technologies which are promising to be commercially available in the near term 
future have been analyzed in more detail. This analysis included identification of physical processes 
involved, technology state of the art and prospectives, efficiencies of energy conversions (both 
theoretical and actual ones), energy subsidies and energy losses. 

Hydrogen Production 

In the hydrogen production subsystem, most of the efforts were devoted to the analysis of the PV- 
, electrolysis and wind-electrolysis processes. Both processes are state-of-the-art and can be used to 
generate electricity and hydrogen at large scale (Plass, et al. 1989; Winter and Nitsch, 1988). 

Important parameters for both solar and wind systems are annual efficiency and capacity factor. For 
conventional energy plants a capacity factor is primarily a function of demand (and maintenance 
requirements as well). However, in the energy systems which convert highly intermitent flows of solar 
radiation and wind it is primarily a function of resources availability. For the best locations the 
capacity factor for the solar systems is about 20%-25%. Wind farms in California have a capacity 
factor also in the same range, but some wind turbines in Hawaii were reported to operate with 
capacity factors of up to 40-45% (Neill, et al. 1990). Capacity factor is very important, since all the 
equipment including the electrolyzers, has to be dimensioned for the maximum power, but most of 
the time it is used at much lower loads, simply because there is no energy source available. 

' 

In addition, some other hydrogen production methods from renewable energy sources were analyzed 
(Plass and Barbir, 1990). Thermochemical methods, although offering higher overall efficiencies are 
not practical and economical. Photolytic processes are still in experimental phase, and their achievable 
efficiency is not clear. Particularly interesting and promising are photo-catalytic processes which 
produce hydrogen from water in one step. If efficiency can be improved up to 10% and cheap 
catalysts are found this method has potential to become commercialy available (Copeland, 1991). 

Hydrogen Storage and Transportation 

Large scale storage and transportation of hydrogen requires significant amounts of energy for 
pumping hydrogen and/or to liquifv it. It has been estimated that these energy requirements add up 
to 12%-15% of the energy content of gaseous hydrogen (depending on the distance and required 
pressure), and up to 35% for liquid hydrogen (Plass, et al. 1989). The novel magnetic liquefaction 
processes could reduce this to approximately 30% (Barklay, 1991). 
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Hydrogen End-Use 

Analysis of hydrogen end-use has included practically all possible applications of hydrogen. It is most 
likely that hydrogen will be firstly used as a fuel for surface transportation, because of the following 
reasons: (1) transportation is probably the most inefficient user of energy, (2) transportation fuels are 
the most expensive ones, and (3) transportation significantly contributes to air pollution, particularly 
in highly populated urban areas. Two types of hydrogen use in surface transportation have been 
studied internal combustion engines and fuel cells in combination with electric motors. While the 
former is just a modification of the existing engines (although new design of the dedicated hydrogen 
engine is preferable) the latter is a completely new approach which offers significant savings in fuel 
consumption. Our studies (Plass, et al. 1990) have shown that hydrogen at about $20/GJ could be 
competitive with gasoline as a fuel for internal combustion engines if the cost of air pollution and 
environmental damage is taken into account. The $20/GJ price of delivered gaseous hydrogen is 
achievable with the PV systems having unit costs $45-$80/m2 and efficiency of 15%, or with wind 
turbines installed for $6OO/kW, coupled with an advanced electrolyzer 85%-90% efficient. 

Very low density and high energy content make liquid hydrogen a suitable fuel for air transportation. 
It offers noticeable savings in fuel consumption and in aircraft weight compared with regular or 
synthetic jet fuel (Brewer, 1991). These advantages are particularly significant for supersonic aircraft. 
Air transportation has its own energy infrastructure, which could make a transition to hydrogen 
relatively easy. 

Almost 40% of primary energy is used to produce heat for various purposes (Energy Information 
Administration, 1991): in the residential and commercial sector (space heating, water heating, 
cooking) and in industry (steam production or direct heat). It should be mentioned here that in the 
present energy system, almost one half of heat required is supplied by natural gas, which appears to 
be the cheapest fuel for this purpose. It appears that heat generation is not a promising market for 
hydrogen,,at least not within the present energy system. However, heat can be supplied directly from 
solar thermal plants and individual devices, particularly for water heating and space heating. Also, 
heating requirements can be reduced by implementing conservation measures and passive solar 
architecture, which are usually cost effective technologies. However, some hydrogen technologies for 
heat generation appear to be very promising, such as catalytic combustion which could have 
application in space heating and air conditioning, cooking, and absorption refrigeration cycles 
(Ledjeff, 1990), and direct steam production as a product of hydrogen and oxygen controlled combus- 
tion (Sternfeld and Heinrich, 1989). 

If hydrogen is going to be produced from water electrolysis, thus employing electricity as an energy 
source, it does not make sense to convert hydrogen back to electricity, if electricity can be used 
directly when and where it is produced. This "if" opens the variety of options for hydrogen utilization 
in present and in future electric power generation. In a utility system hydrogen can be used to 
generate electricity for spinning reserve (with a hydrogen/oxygen steam generator), and for peak load 
(with steam generator, gas turbines and/or fuel cells). In the future energy system, where main energy 
sources would be solar energy and wind, hydrogen would be used as an energy storage medium. Load 
management methods should be used to reduce the need for energy storage. On the other hand, 
hydrogen offers flexibility in a utility system which can be decentralized (Plass and Barbir, 1990). 

It appears that in almost every application hydrogen is more efficient than existing fossil fuels. 
Calculated average efficiencies for each end-use are shown in Fig. 1. 
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Model of the Solar Hydrogen Energy System 

The results of the previously described analyses have been built into a model of the solar hydrogen 
energy system. This model is in the form of a spreadsheet, and it enables one to calculate various 
flows within the energy system. For a given demand (qualitatively and quantitatively), given 
technologies (and their efficiencies) and given resources availability, the final results are hydrogen 
production rate, primary and secondary electricity production rate, area requirements, and associated 
costs (capital investment and operating costs). 

The model has been used to design the solar hydrogen energy system capable of satisfying all energy 
needs of the US., which in 1990 were as follows (Energy Information Administration, 1991; 
McDonald, 1990): 

5,500x109 passenger-km and 3,ooOX1O9 tons-km consumed 22.7 ET of transportation fuels; 
23.6 I 3  of thermal energy for industrial processes, space heating, water heating, cooking, etc., 
consumed 26.4 ET of fuels and 2.5 ET of electricity; 

7.5 E3 of electricity in industry, commercial and residential sectors to run electric motors and 
electro-processes, for lighting, appliances, gadgets, and electronic devices. About 30% is 
produced from nuclear and hydropower plants, and remaining 70% consumed 21.4 ET of 
fuels. 

Total fossil fuel consumption was 76.1 ET, out of which 71 EJ was used for energy purposes (the 
remainder was used in industry as a feedstock). 

The solar hydrogen energy system has been designed to provide the same amount and type of energy 
services, and it is shown in Fig. 2. Primary electricity (61.9 ET) would be produced from solar energy 
through photovoltaic conversion (52 ET), from wind energy (6.6) and from hydro power (3.3 EJ). A 
small part of electricity generated would be %onsumed’ directly (5.5 EJ), but the biggest part would 
be converted into hydrogen through electrochemical conversion (49.8 ET) and used to run compressor 
(5.6 ET) and liquefaction (1.0 ET) plants. Hydrogen, either as a liquid (2.6 ET) or as a gas (39.7 EJ), 
would be used as a fuel for transportation (2.6 ET liquid and 11.2 ET gaseous), for heat generation 
(20.7 ET) and for additional electrical energy generation (7.9 ET), when and where primary electricity 
is not available. Applications of electricity in transportation (0.5 ET) and in thermal energy generation 
(3.0 ET) have been expanded, since electricity should be used whenever possible, in order to reduce 
losses resulting from conversion into hydrogen. 

Hydro-power already supplies 1.0 ET of electricity annually, with about 90 GW of installed capacity, 
and with an average capacity factor of 0.35 (Energy Information Administration, 1991). The capacity 
factor could easily be increased up to 90% if off-peak electricity is used to produce hydrogen, which 
means that 2.5 W/yr could be generated with existing hydro power plants. An additional 0.8 EJ/yr (30 
GW of installed power) could be exploited in the future. The estimated total exploitable hydropower 
potential in the U.S., including Alaska, is estimated to be about 180 GW (US. Army Corps of 
Engineers, 1983). 

Wind power is already feasible at some locations (e.g., California wind farms). It has been estimated 
that there are many sites where it would be possible to generate electricity from the wind at the rate 
of 2,500 to 3,500 kwh per kW of installed power (which corresponds to capacity factors of 0.28 to 

.0.40). It would be possible to generate 6.6 ET of electricity from the wind, which is about 10% of the 
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extraction limit for the U.S. (Gustavson, 1979). The power density that can be installed is 
approximately 6,000-8,OOO kW/km2 (about 30 wind turbines, 250 kW each, per km2). The area 
required to generate 6.6 ET of electricity annually is 85,000 km2. However, only a small percentage 
of the land would be occupied by the wind turbines, maintenance roads, and buildings; the rest could 
be used for its original use (e.g., agriculture or pasture). 

I 

?%e largest share of required electricity is envisaged to be produced from solar energy- Solar energy 
is abundant. United States receives about 44,OOO ET/yr of solar energy over the entire area (4.6 
GJ/m$ on average). The most intense radiation is available at the southwest desert areas (at the rate 
well over 7 GJ/m$). Today, commercially available PV cells are 12%-14% efficient, and efficiency 
is constantly improving. With a 15% assumed annual average efficiency, and with a cover factor of 
3, which takes into account spacing between PV paneIs, necessary buildings and maintenance roads, 
the area required to generate 52 ET of electricity annually is 125,000 km2. Desert areas of the U.S. 
are estimated at 600,000 km2 (Ogden and Williams, 1989), and therefore estimated 125,000 km2 
required for solar photovoltaic power plants is 20% of the available and otherwise unused land. 

Table 1 gives the basic parameters of the solar hydrogen energy system for the U.S. 

Table 1 Solar Hydrogen Energy System for the U.S. 

Installed Annual Land Area 
Capacity Production Requirements 

GW EJ/yr km' 

PV 6,000 52.0 (e) 125,000 
Wind 600 6.6 (e) 85,000 

Electrolysis 6,000 42.3 (h) 7,500 
Fuel Cells 400 5.5 le) 500 

Hydro 120 3.3 (e) 12,000 

(e) electricity, (h) hydrogen 

System Analysis 

The analysis of the energy system would not be complete without the analysis of its interactions with 
its surrounding. In order to analyze these interactions the system under study must be put into the 
context of the next larger system. In the case of the Solar Hydrogen Energy System, the next larger 
systems are the environment and the human socio-economic system. The energy system is actually a 
subsystem of the economic system. Its role is to provide useful energy or energy services to the rest 
of the economic system. Energy is considered to be useful if it is available in the right form, at the 
right place, and at the right time. In the energy system, energy is extracted from the environmental 
stocks or flows, and then refined, converted, stored and transported in order to be delivered to the 
rest of the economic system as energy services. For these processes, a feedback from the main 

'economy is required in the form of goods and services. The goods and services are the products of 
the economic process which ultimately require raw materials, energy and labor. 
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Environmental Effects 

Since the energy system interacts with the environment, it is inevitable that any operation within the 
system has some impacts on the environment. This impact can be in the form of damaged top soil 
for surface mining of coal, or oil spilled into the ocean, or various pollutants emitted into the 
atmosphere during the end use. Our studies show that fossil fuels cause environmental damage in 
amount over $600 billion a year (E Barbir, et ai.). 

In the case of the solar hydrogen energy system these impacts are minimized or completely 
eliminated. Hydrogen itself is not poisonous, and its production (from renewable energy sources), 
storage and transportation would not cause any harm to the environment. Combustion of hydrogen 
in air yields some nitrogen oxides and a considerable amount of water vapor. However, the end use 
of hydrogen does not have to be combustion. When it is used in fuel cells it produces no emissions; 
water is produced in liquid form. Amounts of by-products for both the fossil fuel and the hydrogen 
energy system are compared in Fig. 3. It is clear that the solar hydrogen energy system would not 
produce any carbon dioxide, carbon monoxide, unburned hydrocarbons, sulfur oxides and particulates. 
The amount of water vapor produced and released into the atmosphere is about the same as that 
produced by the fossil fuel system, but still several orders of magnitudes less than global circulation 
of water vapor. 

Materials requirement 

The analysis of materials required to construct the PV or the wind hydrogen plant (Voigt, 1984; 
Nitsch, 1985; Plass, et ai. 1989) have shown that the materials requirement, although substantial, 
should not be a barrier for the realization of the solar hydrogen energy system. The results are shown 
in Table 2 for the most common materials such as iron, non-ferrous metals, glass, plastics, silicon and 
mncre te. 

Table 2 Materials Requirements for the Solar Hydrogen Energy System 
, (in thousand metric tons/GWe) 

Other \ PV power Wind power 
plant plant 

135 
3.5 
5.5 
12.5 

45 
1.3 
0.1 
0.3 

27 
4.3 

0.2 

Iron 88 
Non Ferrous Metals 7.5 
Glass 75 
Plastics 30 
Silicon 3 
Concrete 550 450 250 50 

Table 3 gives annual requirements for construction and maintainance of the designed solar hydrogen 
energy system and compares them with the present use of the respective materials. 

A comparison of the material quantities with the current consumption in the -U.S. shows that 
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generally most of the materials would be available. Nickel requirements exceed todays consumption. 
Nickel is irreplaceble in electrolyzers, at least with present technology. However, worldwide nickel 
reserves are about 100 times larger than world annual production. Larger amounts of glass would be 
required but the raw material is so abundant that there would be no supply problem. The greatest 
difference between future demand and present consumption exists for silicon in PV-cells. 
Nevertheless, there is no fear of a long-term shortage because of the practically unlimited raw 
material reserves. 

Table 3 Annual Requirements and Present Annual Consumption of Materials 
for Construction of the Solar Hydrogen Energy System 

(in million tons/yr) 

Materials Present Percentage 

for SHES Consumption Consumption 
Requirements Annual of Annual 

Iron 31 89 35 
Non Ferrous Metals 

Aluminum 
Copper 
Nickel 

Glass 
Plastics 
Concrete 

Cement 

2 
1 

0.1 
0.1 7 
15 
6 

1 70 
20 

4.8 
2.2 
0.15 
6 

26.5 

82 

20 
5 

113 
250 
23 

24 

Energy Requirements 

Energy is required to process the raw materiak, to manufacture the equipment, to transport the 
equipment to the site and at the site for construction. It has been estimated that PV-electrolysis 
hydrogen production requires 0.019 EJ of energy per 1 GW, of installed capacity, and wind- 
electrolysis requires 0.010 EJ/GW, (Plass, et al. 1989). With this information it is possible to estimate 
that the entire solar hydrogen energy system would require about 140 I3 of energy. 

The designed solar hydrogen energy system provides 7.5 EJ& of electrical energy, 23.6 EJ& of 
thermal energy, and 13.8 EJ/yr of transportation fuels. It is clear that this system would pay back 
energy, which has been invested in it, in a relatively short period (3-4 years). 

Cost Analysis 

At present, hydrogen from PV-electrolysis would be prohibitively expensive (more than $lOO/GJ) as 
well as from wind-electrolysis (about $4O/GJ). Only hydrogen, from off-peak hydro electricity could 
be competitive, particularly if its high utilization efficiency is taken into account. Our study (Plass and 
Barbir, 1992) has shown that the solar hydrogen energy system has lower overall effective costs than 

- 
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the present fossil fuel system or the energy system based on coal and coal-derived synthetic fuels. 
Effective costs are defined as the total costs that society pays for the energy services. The results are 
shown in Fig. 4. This estimate has taken into account the following parameters: 

* 
projected costs of fossil fuel for the year 2000, 

projected costs of synthetic fuels (including hydrogen), 
utilization efficiencies for different end-uses, and 
costs of environmental damage due to fossil fuels. 

Discussion 

From the analysis of the hydrogen applications it results that the solar hydrogen energy system could 
provide essentially the same services as the present fossil fuel system, i.e, transportation, electricity 
and heat generation. In most of the cases hydrogen is even more efficient. The environmental 
benefits of the solar hydrogen energy system are apparent. It does not create air pollution, acid rains 
and it would stop carbon dioxide build-up in the atmosphere and threatening consequences such as 
global warming, climate changes and sea level rise. 

However, the solar hydrogen energy system requires significant feedbacks from the main economy. 
The analysis of materials requirement has shown that the solar hydrogen energy system needs 
significant amounts of materials (in general about 20%-30% of current consumption of respective 
materials). Requirements for some materials (e.g. nickel and glass) exceed today’s consumption. On 
the other hand, this study did not take into account that due to better end-use efficiency of hydrogen 
many of the end-use devices could be much smaller and lighter (for example, jet engines, steam 
generators, etc.). 

The analysis of energy requirements has been based on published data on energy intensity for various 
commodities. These values are usually expressed in terms of fossil fuels. However, in the energy 
system of the future there will be no fossil fuels. All energy will come frdm renewable energy sources 
(solar, wind, hydro) and will be delivered to the consumers in the form of hydrogen and electricity. 
Therefore, the figures for energy intensity of various commodities, as well as the energy intensity of 
the solar hydrogen energy system, have to be recalculated, taking into account changes in energy 
inputs, energy conversion efficiencies, and changes in economic structure (due to materials 
requirement in the energy sector). This analysis requires detailed modeling of the material, energy 
and labor flows inside the economic system, and it is far beyond the scope of this study. 

Similar problem occurs also with cost estimates. All estimates are based on today’s prices of energy 
and other goods and services. These prices could change significantly in the future. Since they are so 
interdependent, change in one commodity, such as energy, affects the costs of all other goods and 
services, which in turn affects the cost of energy. Again, analysis of costs requires detailed analysis 
of the flows inside the economic system. 
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Dynamic Modeling 

Dynamic models are required to study the behavior of the analyzed solar hydrogen energy system in 
its transition period. The modeling technique was used as proposed by Odum (Odum, 1983; Odum 
and Odum, 1988; Odum, et al. 1988, Odum, 1989). This energy diagramming technique is based on 
the assumption that economic and ecological systems behave similarly. Actually all systems of 
environment and humanity are constrained by total available energy, hierarchical relationships, 
material balances and recycling, limits to energy transformation efficiency and larger scale control 
mechanisms. Relatively simple models enable one to overview the economic/ecological systems and 
their behavior in time. 

The model that has been developed (Fig. 5)  employs two kinds of energy sources, those which are , 
non-renewable and those which are renewable. As any other two-source model, this model shows that 
economic system grows until the non-renewable sources are depleted. The source is depleted when 
the efforts required to obtain and to refine the fuels from that source exceed the energy supplied by 
that energy source to the main economy. However, hydrogen produced from renewable energy 
sources and used as a fuel (initially for transportation, but ultimately for any application where fossil 
fuels are used today) could change the patterns of the economic system. Different inception dates 
and different rates of hydrogen introduction were tested with the model. The results, shown in Fig. 
6, indicate that an early transition to hydrogen would benefit the economy. If hydrogen is introduced 
after the system has reached the peak, there is almost no effect. Although quantitative, the results 
of this model may be used only as indication of main trends. 

Conclusions and Recommendations for Future Work 

This study provides the frame for the system analysis of the various hydrogen energy technologies as 
well as the overall hydrogen economy. As a result of this study, the following conclusions are reached 

The solar hydrogen energy system is technically feassible and it could substitute for the fossil 
fuels in almost every application. 
Hydrogen has better utilization efficiency than fossil fuels in every application. 
Environmental benefits of the solar hydrogen energy system are apparent, and they should 
be one of the main reasons for switching to solar hydrogen. 
When utilization efficiency and environmental benefits are taken into account, it appears that 
the solar hydrogen energy system provides energy services at costs lower than those provided 
by the fossil fuels or by the coal based synthetic fuels. 
Area requirements for the solar hydrogen energy system are substantial. However the system 
would use mostly desert areas which do not have any economic use so far. That is the main 
advantage over the fuels produced from biomass, where even larger areas are required but 
the land must be arable and it would compete with food production. 
Materials in general should not be a barrier, although some materials could be in short supply, 
such as nickel and glass. Silicon processing and solar cells manufacturing would be the new 
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industries which still have to be developed. 
Energy requirements and costs require detailed analysis of the flows inside the economic 
system, which is beyond the scope of this study. 
Dynamic modeling has indicated that the transition to the solar hydrogen energy system 
should start as soon as possible. 

Recommendations for future work include the following tasks: 
* develop useful models to study energy-economics interactions, 

investigate possible environmental impacts of the large scale solar energy and wind 
conversions, 
incorporate other hydrogen production methods into the model, 
modify the model in order to be used for the analysis and design of the smaller scale 
integrated energy systems, 
improve the dynamic model which could be used for analysis of the transition period and for 
the analysis of the future energy demand. 

* 
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Fig. 5 Dynamic Model of the Hydrogen-Economy Interactions 
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HYDROGEN TECHNOLOGY ASSESSMENT: PHASE 2 
APPLICATIONS WITH PROMISE 

Robert Mauro 
National Hydrogen Association 

Washington, DC 

Abstract 

To Develop hydrogen as a fuel, comprehensive energy systems must be developed from production to use. 
As far as possible the current infrastructure for energy production delivery, transportation, and use should 
be utilized. Early niche markets for hydrogen will appear as direct substitutes for other fuels. Once 
hydrogen is established in the market niches, the system using hydrogen will slowly by modified to 
optimize its use, and new technologies developed specifically for hydrogen will be introduced. The 
orientation of the conclusions in this report are presented with this thought firmly in mind. 
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Hydrogen Technology Assessment: Phase II 

The National Hydrogen Association (NHA) was formed in 1989 to promote U.S. industrial and research 
interest in hydrogen as an energy source, and to cultivate plans for appropriate research and development 
for hydrogen-related technologies, and to assess business opportunities in hydrogen production, 
transportation, storage, and utilization. 

In mid-1990, the National Aeronautics and Space Administration (NASA) and the NHA began a multi- 
year cooperative effort to evaluate hydrogen-related technologies and their application in order to fulfill 
that goal. In 1991, the Department of Energy (DOE) through the National Renewable Energy Laboratory 
(NREL) joined the evaluation effort, and the NHA formed the Technology Review Committee to steer the 
project. 

The overall effort has several elements: 

Hydrogen application strategies 

Conclusions and recommendations 

Summaries of the hydrogen-related technologies 

Major U.S. hydrogen research programs 

The Phase I1 effort includes: 

Hydrogen application strategies 

Recommendations 

Summaries of additional hydrogen-related technologies 

NASA hydrogen research and updated DOE hydrogen research 

This paper provides a summary of Phase II efforts. The many references and the complete results are 
contained in the Phase II Hydrogen Technology Assessment report, currently being produced. 

Hydrogen-Related Technologies 

Production: In Phase I, different forms of producing hydrogen from fossil fuels were studied (Figures 
1, 2 and 3). In Phase I1 of the study, the gasification option for hydrogen production was expanded to 
include hydrogen production from lignite as well as bituminous coal. The costs for hydrogen production 
from coal and lignite range from around $9.50/MMBtu to just under $17/MMBtu using chemical industry 
economics. Utility economics with its lower return would yield a significantly lower hydrogen cost. 

Hydrogen can also be produced from water through electrolysis. Electrolytic hydrogen production depends 
on a constant inexpensive source of electricity in order to be competitive with hydrogen produced from 
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fossil fuels. The study summarized two baseload generating technologies in Phase II - geothermal and 
ocean thermal - and one intermittent source of power generation - solar thermal. Geothermal electricity 
production was considered the least expensive of the options considered. From a good hot temperature 
site, geothermal electricity was estimated to cost just over 4$/kWh for an open cycle system. A binary 
geothermal system using lower temperature brine was estimated to produce electricity at over 7$/kWh 
because of the additional complexity of this system and its large parasitic power requirements. 4$/kWh 
produces electrolytic hydrogen at well over $20/MMBtu. 

Ocean thermal power production is geographically limited to the Eastern Coast of Florida and the U.S. 
Gulf Coast. Traditionally, the three forms of ocean thermal power production (open cycle, closed cycle, 
and hybrid cycle) have been viewed as very expensive. Closed cycle systems have been estimated to cost 
over $1O,OOO/kW, and open cycle systems are estimated to cost about $7500/kW. It is possible that 
researching new design approaches could bring these costs down by over 50%. If this could be done, then 
busbar cost electricity for open cycle ocean thermal power could be as low as 8$/kWh. However, given 
its geographic limitations and cost, it is unlikely to be a technology that is widely promoted in the U.S. 
However, its ability to produce fresh water as well as electricity may make it attractive to water and 
energy deficient tropical islands. 

Solar thermal technologies are really divided into three types: trough systems, dish systems and central 
receiver systems. Of the three systems, the system that appears to have the most potential is the parabolic 
dish system in roughly 5 k W  to 100 kW sizes with sterling engine generators mounted at the focal point. 
These system designs have shown efficiencies approaching 30%. In twenty ye&, busbar costs for dish 
systems in the Southwest should be comparable to new fossil generating plants. However, even at 
S$/kWh, these units are too expensive to produce electrolytic hydrogen that can compete with hydrogen 
produced ftom fossil sources. 

Transport and Storage 

In the Phase I1 report, two hydrogen transport and storage technologies wexe reviewed - cavern storage 
and magnetic refrigeration. For cavern storage, the study reviewed techniques used for the natural gas 
storage in depleted oil fields and aquifers, and then estimated that the costs of hydrogen storage would 
be about three to four times that of natural gas. It also review Compressed Air Energy Storage (CAES) 
facilities being built by utilities to determine the suitability of salt beds and rock cavems, as well as 
aquifers for hydrogen storage. If CAES technology becomes wide spread, utilities might modify their 
CAES designs to store hydrogen by replacing the centrifugal compressors with reciprocating compressors, 
the compressed air with compressed hydrogen, and the combustion turbines with fuel cells. The cost of 
hydrogen storage in such a facility might be comparable to hydrogen storage in depleted oil fields. 

Magnetic refrigeration offers a method of producing hydrogen in small quantities at much lower costs than 
conventional methods. In conventional methods, the major cost of producing liquid hydrogen is the 
amount of electricity required. The magnetic refrigeration method significantly reduces the quantity of 
electricity necessary to produce liquid hydrogen. Magnetic refrigeration equipment is likely to be smaller 
and less expensive than conventional methods of liquefying hydrogen. The result is that this technology 
will allow gaseous distribution of hydrogen through a natural gas pipeline to the pumping station where 
it can be liquefied for transportation vehicles and aircraft that may require LH,. 
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Applications: The focus of the Phase I1 applications is fuel cells and aircraft. Fuel cells are clean 
efficient electric generaton. They are likely to represent the technology that will replace the fossil fueled 
heat engines that have powered our society for the past two hundred years. Like engines, fuel cells come 
in a number of different forms. Phase I focused on Alkaline, Solid Polymer, and Solid Oxide fuel cells. 
Phase I1 reviews Phosphoric Acid and Molten Carbonate fuel cells. The Phosphoric Acid fuel cell is a 
near commercial technology. It is currently being demonstrated for bus applications but could also be 
used to power railroad engines. Molten carbonate fuel cells require CO along with hydrogen gas for peak 
efficiency. This makes it an ideal fuel cell to integrate with a biomass gasifier. A Solid oxide fuel cell 
can be an efficient distributed generator for stationary sources of power or possibly a high power 
propulsion system for vehicles. 

Also in Phase 11, the status of the National Aero-Space Plane is reviewed along with subsonic aircraft and 
its ground support system. Subsonic aircraft designs were developed in the mid-1970’s for a subsonic jet 
aircraft of various sizes and ranges. The hydrogen aircraft weighed less when fully loaded than the 
conventional jet aircraft. The hydrogen design has smaller wing area, and a larger fuselage than 
conventional jets. The ground support for hydrogen aircraft would consist of gaseous hydrogen being 
piped on-site, then liquefied and stored. The distribution system would consist of a two pipe system with 
a series of below ground hydrants, one at each gate. A vehicle much like a fire engine pumper with a 
cherry picker would hook up an insulated hose through a control panel to the hydrant The cherry picker 
would contain a nozzle attached to a hose. The nozzle would connect with an attachment at the rear of 
the aircraft to fill the fuselage. 

Hydrogen Research 

NASA Hydrogen Research: The two principal NASA research activities reviewed in Phase I1 consist 
of determining the suitability of slush hydrogen for the National Aero-Space Plane (NASP), and 
developing and testing SCRAM Jet Engines, one of which would be used on NASP. 

Slush hydrogen offers the possibility of a 30% reduction in the size of the NASP. The slush hydrogen 
activity is being managed out of NASA’s Lewis Research Center. It focuses on production, handling, 
safety, ground and in-flight storage of slush hydrogen. 

To date, slush hydrogen has been produced by evaporative cooling in batches of 700 gallons with a 
slush/solids content of almost 60%. The equipment for slush production was assembled by the prime 
contractor, McDonnell Douglas Space Systems Company, with Martin Marietta Astronautics and Air 
Products and Chemicals Incorporated as subcontractors. Large scale slush hydrogen production facilities 
exist at Martin Marietta’s Denver facility and at the NASA-Lewis facility. Slush hydrogen has also been 
produced under NASA contract by National Institute of Standards and Testing (NIST) using helium 
refrigeration. This process produced slush with a solids content of 67%. Pumping handling and safety 
activities are continuing. The details of this research prograin are classified. 

NASP requires the development of SCRAM Jet Engines. This work managed out of NASA’s Langley 
Research Center involves developing and testing subscale SCRAM Jet Engines. The test will measure 
thrust, record interaction/interface problems that might arise with the subassembly, and provide parametric 
information essential to scale up of the SCRAM Jet Engine Assembly. Test results on the SCRAM Jet 
Engine have been classified since 1979. There are four facilities at Langley that are capable of testing 
SCRAM Jet engines and one at NASA Lewis that is being brought on line. Tests on subscale generic 
NASA SCRAM Jet engines and subscale NASP engines are scheduled over the next two years. 
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Update on DOE Funded Research: Research at the University of Central Florida's Florida Solar 
Energy Center has focused on two activities. 

Hydroiytic stability of high temperature polymers under oxidizing and reducing atmospheres 

Characteristics of Chemically Synthesized Mg-MgIE, for hydrogen storage. 

The hydrolytic stability study is aimed at developing a steam electrolytic cell that would require less 
electricity than a liquid water electrolytic cell. Polymers that stood up to both oxidizing and reducing 
environments at ,200'C, 300'C, and 400°C. None of the 43 polymers studied stood up to an oxidizing 
environment at 400°C. Polyketones were able to survive a reducing environment at W C .  A number 
of polymers survived in the 200" and 300" reducing and oxidizing environments. Foilow-on research will 
convert the most promising polymers into electrolyzers and measure their stability, conductivity, and 
performance. \ 

Magnesium hydride was produced both metallurgically and chemically. Hydrogen absorption was 
measured for samples produced both ways. The hydride produced metallurgically was able to store 5.5% 
hydrogen by weight after five cycles. The chemically prepared sample was able to store 6.2% hydrogen 
by weight. The explanation for this seems to be that the particles in the chemically formed sample had 
a fractal form of spherical beads. This greatly enhanced its surface area relative to the metallurgically 
prepared sample. An analytical model was developed to relate the greater surface area to greater 
reactivity. It was also determined that nickel doping of magnesium hydride reacted more quickly than 
undoped chemically prepared magnesium hydride. Previous studies had shown that nickel doping does 
not effect the amount of hydrogen that can be stored by magnesium hydride. Research on this phenomena 
is continuing. 

Applications: Hydrogen Applications Analysis 

In order to get a sense of the hydrogen production costs that must be achieved and the cost and 
performance goals that hydrogen related equipment must attain, targets for four applications were 
developed. 

Vehicles: A hydrogen Plymouth Grande Voyager was compared to a battery version of that vehicle 
called the TEVan with different propulsion and storage systems. The propulsion systems considered were 
a fuel cellbattery system, a fuel cell system, and an IC engine operating on hydrogen Hydrogen storage 
systems considered were: pressurized gas, metal hydride, liquid hydrogen, and refrigerated superactivated 
carbon storage. The fuel cell battery system with refrigerated activated carbon storage appear to be the 
most economic system. The fuel cellbattery system with regenerative braking appears to be the most 
efficient system at 42% efficiency. The gasoline-powered Plymouth Grande Voyager with average fuel 
efficiency of 20 mpg was less than 17% efficient. 

With a delivered cost of gaseous hydrogen assumed to be $20/MMBtu and the liquid hydrogen 
$28.69/MMBtu, the life cycle costs of each of the seven vehicles were calculated (figure 4). Each vehicle 
was assumed to have a 10 year life and be driven 15,000 miles per year. The calculation assumed a 
52.5% efficient fuel cell costing $200/kW and storage costs given in (table 1). It was also assumed that 
the average total pollution damage from combusting gasoline was $9/MMF3tu. Gasoline was assumed to 
cost $l/gallon. Thus resulting in an additional $6,309 incurred from pollution damage by the gasoline- 
powered vehicle over 10 years. 
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SubsoniC Aircraft; During the 1970’s hydrogen-powered subsonic aircraft were studied by NASA’s 
Langley Research Center. This research has been recently updated. Based on the updated information, 
a break-even cost for hydrogen can be developed for a specific aircraft type performing a specified 
mission. Conventional and hydrogen aircraft were assumed to cost the same for the purposes of the 
analysis. The NASA studies by Lockheed actually showed little difference in production cost, The 
conventional aircraft had larger wings for greater lift, and the hydrogen aircraft a larger fuselage for liquid 
hydrogen storage. Difference in weight, engine efficiency, and maintenance costs were taken into account. 

The mission is that of a Mach .85 aircraft carrying 400 passengers 5500 nmi that flies 11 hours per day, 
330 days a year for 15 years. The cost of Jet A fuel in early November at National Airport near 
Washington, DC was just under $.75/gallon. Using a 15% discount rate the advantage for hydrogen is 
only about $lSO/MMBtu. If, however, the cost of Jet A is $1/MMBtu and pollution damage is considered 
( hydrogen: $l/MMl3tu for NO, and Jet A: $9/MMBtu), then the break-even cost of hydrogen is about 
$18.77/MMBtu. Slightly poorer results are exhibited by a brief look at a 130 passenger aircraft with 1500 
nmi of range operating on a 10 hour per day, 330 day per year cycle for 15 years. It may be that cooling 
the leading edges of the hydrogen aircraft in flight will reduce turbulence. If so, then the efficiency 
advantage of hydrogen aircraft over conventional aircraft would increase. This advantage should be 
examined. 

UtiMies: The use of hydrogen with three types of fuel cells (phosphoric acid, molten carbonate, and 
solid oxide) were examined. The assumed cost of these units were $1075/kW, $900/kW, $825/kW, 
respectively. The Molten Carbonate Fuel Cell and Solid Oxide Fuel Cell were assumed to be 52.5% 
efficient and the’Phosphoric Acid Fuel Cell was assumed to be 42% efficient. Stack life was assumed to 
be 40,000 hours. For efficiency, the Molten Carbonate Fuel Cell was assumed to be integrated with a 
biomass gasifier with hydrogen costs of $1 1/MMBtu. The Solid Oxide Fuel Cell and Phosphoric Acid Fuel 
Cell were assumed to be distributed generators with hydrogen costs of $16/MMBtu. Using a 10.9% 
discount rate for units with 30 year lives, the busbar costs of electricity are $.104/kWh for Molten 
Carbonate Fuel Cell, $.134/kWh for Solid Oxide Fuel Cell, and $.145/kWh for a Phosphoric Acid Fuel 
Cell. This is based on 6000 hours of operation a year. 

Assume that fossil generation has an average heat rate of 10,300 Btu/kWh and the cost of pollution 
damage is $9/MMBtu, then the average cost of pollution damage from a fossil plant is 9(t/kwh. (There 
is published data that provides values very close to these, but no one knows what the pollution damage 
costs really are.) If the busbar cost of new fossil generation is going to average about 5.5$/kWh, then it 
is feasible that fuel cells could be attractive generators at busbar costs under 15$/kWh. 

Residential Hydrogen Use: This study assumed an 1800 square foot all electric home with R-19 walls 
and an R-30 ceiling located in the Washington, DC area. Space Conditioning provided by a Heat Pump 
with a SEER of 10.1 was modeled using ESPRE 1.8. Water heating for the home was modeled using 
WATER 1.0 assuming hot water use of 60 gallons per day. Other electric loads were assumed to be 500 
kwh per month. Using a rate for electricity of 7.2 $/kwh, the annual electric cost was $1,452 per year. 

Average electric consumption for the peak month is 3.35 kW. If simplifying assumptions are made that 
no electricity is bought or sold, then a 4 kW fuel cell can meet the home needs. If we assume the fuel 
cell costs $300/kW and the power conditioner and interconnection another $100/kW installed. then the 
total installed cost is $1,600 kW. In the calculation, the fuel cell life is 5 years, its efficiency is 52.5%, 
and the discount rate is 6%. The life cycle cost for the fuel cell is $11,500. The life cycle cost for the 
electricity is $6,403. If we assume a $9/MMBtu pollution damage for combusting fossil fuel, and assume 
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that 2/3 of the power is produced from fossil fuel, then the pollution damage cost of using electricity is 
$.06/kWh. This translates to $5,093 on a life cycle cost basis. The conclusion is that replacing grid 
electricity with a fuel cell is not desirable in this case, even with relatively high pollution damage costs. 

Follow-on Activities 

Future Technology Assessment activities for next year will likely include more technology briefs, the 
formation of a working group for subsonic aircraft applications, further industry studies, and a study of 
hydrogen safety. 
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Abstract 

Hydrogen i s  rece iv ing  increased i n t e r e s t  as a low p o l l u t i n g  a l t e r n a t i v e  t o  
f o s s i l  f u e l s .  If hydrogen is produced from renewable resources,  it would 
be poss ib l e  i n  p r i n c i p l e  t o  produce and use energy on a l a r g e  scale with 
g r e a t l y  reduced greenhouse gas emissions and very l i t t l e  l o c a l  po l lu t ion .  
Here w e  p resent  r e s u l t s  from ongoing t echn ica l  and economic assessments of 
a l t e r n a t i v e  s t r a t e g i e s  f o r  developing renewable hydrogen energy systems. 
The goal of t h i s  work is  t o  i d e n t i f y  t h e  most promising paths  toward use of 
renewable hydrogen as an energy carrier, h igh l igh t ing  key technologies  f o r  
research and development. 

Introduction 

To assess a l t e r n a t i v e  paths  f o r  developing renewable hydrogen energy systems, 
w e  examine performance, cos t ,  environmental and i n f r a s t r u c t u r e  i s s u e s .  
The e n t i r e  energy system (hydrogen production, de l ive ry  and end-use) is 
considered f o r  p a r t i c u l a r  appl ica t ions .  

Our ana lys i s  i s  focussed on technologies  which could be employed over t h e  next 
decade o r  so. Several  renewable hydrogen production methods are considered 
including:  e l e c t r o l y s i s  powered by s o l a r  photovol ta ics ,  s o l a r  thermal 
e l e c t r i c ,  wind, and hydroe lec t r i c i ty  and g a s i f i c a t i o n  of renewably grown 
biomass. Conceptual designs are presented f o r  renewable hydrogen production 
systems and l e v e l i z e d  hydrogen production c o s t s  are ca l cu la t ed  us ing  a 
cons i s t en t  set of economic assumptions (Table 1) .  Environmental effects (land 
and w a t e r  requirements) and p o t e n t i a l  resources f o r  renewable hydrogen 
production are considered. Hydrogen can be s tored,  t r anspor t ed  and del ivered 
t o  t h e  use r  i n  a v a r i e t y  of ways. The design of a hydrogen de l ive ry  system 
s t rongly  depends on t h e  end-use. As an example, w e  present  an end-use case 
study f o r  hydrogen f u e l  c e l l  automobiles. The cos t  of d e l i v e r i n g  hydrogen 
t r anspor t  f u e l  t o  t h e  consumer i s  estimated ( including s torage ,  transmission, 
d i s t r i b u t i o n  and f i l l i n g  s t a t i o n  c o s t s ) ,  a model f o r  a f u e l  c e l l  vehic le  i s  
presented (DeLuchi and Ogden 1992)  and t h e  l i f e c y c l e  cos t  of t r a n s p o r t a t i o n  i s  
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ca lcu la t ed ,  a s  compared t o  o the r  a l t e r n a t i v e  fue l ed  veh ic l e s .  A scenar io  f o r  
in t roducing  hydrogen as a t r a n s p o r t  f u e l  i n  t h e  U S  i s  sketched (Ogden and 
DeLuchi 1992). Fina l ly ,  poss ib l e  areas f o r  f u t u r e  research  are out l ined .  

Production of Hydrogen from R e n e w a b l e  Resources 

Renewable Hydrosen Production Methods 

In s o l a r  e l e c t r o l y t i c  hydrogen systems, a source of renewable e lec t r ic i ty  
[hydro, wind, s o l a r  thermal e lec t r ic  o r  s o l a r  photovol ta ic  ( P V ) ]  i s  connected 
t o  an e l e c t r o l y z e r ,  s p l i t t i n g  w a t e r  i n t o  hydrogen and oxygen [Winter and 
Nitsch 1988; Ogden and W i l l i a m s  19891. E l e c t r o l y s i s  i s  a commercially 
ava i l ab le  technology, which i s  now being optimized f o r  use with i n t e r m i t t e n t  
power-sources such a s  s o l a r  and wind [Steeb e t . a l .  1990; P i r a n i  and S t u a r t  
1991; Stucki  19911. Rapid progress  i s  being made i n  wind, s o l a r  thermal 
e lec t r ic  and s o l a r  photovol ta ic  technologies ,  and low i n t e r m i t t e n t  e l e c t r i c i t y  
c o s t s  are p ro jec t ed  f o r  t h e  e a r l y  p a r t  of t h e  next century ( T a b l e  2). The 
cos t  and performance of wind and PV e l e c t r o l y s i s  systems are shown i n  Tables 3 
and 4,  based on pos t  2000 pro jec t ions  f o r  s o l a r  e lectr ic  and e l e c t r o l y s i s  
technology [Winter and Nitsch 1988, Ogden and Nitsch 19921. 

Hydrogen can a l s o  be produced by gas i fy ing  a t  high temperatures  biomass 
feeds tocks  such as wood chips  and f o r e s t  and a g r i c u l t u r a l  r e s idues  [DeLuchi, 
Larson and W i l l i a m s  1991; Larson and Katofsky 19921. The g a s i f i e r  output ,  
mainly hydrogen, carbon monoxide and methane, can then  be reformed and s h i f t e d  
t o  produce a mixture of hydrogen and carbon dioxide.  The carbon d ioxide  i s  
removed l eav ing  hydrogen. Biomass g a s i f i e r s  have been demonstrated a t  t h e  
l abora to ry  s c a l e ,  and seve ra l  types  of biomass g a s i f i e r s  now under development 
f o r  methanol production could probably be used f o r  hydrogen production as 
w e l l .  Cost and performance es t imates  are given i n  T a b l e  5 f o r  a biomass 
hydrogen p l a n t  [Larson and Katof sky 19921 . 
The c o s t  of producing hydrogen from renewable resources  i s  es t imated  i n  Table 
6, f o r  present  (1991) technology, f o r  t h e  "near term" and f o r  t h e  "long term" 
(pos t  2000, with mature technologies  widely employed, s o  t h a t  economies of 
scale are f u l l y  e x p l o i t e d ) .  For comparison, t h e  c o s t  of producing hydrogen 
from f o s s i l  feedstocks i s  a l s o  given. Levelized hydrogen production c o s t s  ( i n  
cons tan t  1989 US d o l l a r s )  a r e  ca l cu la t ed  f o r  a l l  cases us ing  a common set of 
economic assumptions (Table 1 ) .  

A t  p re sen t ,  renewable hydrogen would c o s t  much more than  o the r  f u e l s .  
However, c o s t s  are p ro jec t ed  t o  drop s i g n i f i c a n t l y  over  t h e  next 1 0  t o  20 
years .  A t  l a r g e  scale (17,000 GJ/day o r  50 mi l l i on  sc f /day ) ,  biomass hydrogen 
would c o s t  about $6.2-8.8/GJ t o  produce, making it t h e  least  expensive method 
of renewable hydrogen production. E l e c t r o l y t i c  hydrogen from wind, s o l a r  PV 
o r  off-peak hydropower would cos t  about t w i c e  as much, $12-21/GJ. 
because of t h e i r  modular nature ,  e l e c t r o l y t i c  hydrogen systems could be - 
employed a t  much smaller scale (PV o r  wind e l e c t r o l y z e r s  would have l i t l e  
s c a l e  economy above s i z e s  of perhaps 0 .5  mi l l i on  sc f /day ) ,  and would probably 
be less expensive than  biomass hydrogen p l a n t s  up t o  c a p a c i t i e s  of s eve ra l  
m i l l i o n  scf /day .  [This i s  shown i n  Figure 1, where t h e  hydrogen production 
c o s t  (based on pos t  2000 pro jec t ions )  i s  p l o t t e d  versus  t h e  hydrogen 

However, 
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production capac i ty .  3 

The cos t  of producing hydrogen from renewable sources would be roughly 
comparable t o  t h a t  of using f o s s i l  feedstocks.  A t  l a r g e  scale, hydrogen from 
steam reforming of na tu ra l  gas would cos t  $6-10/GJ (assuming n a t u r a l  gas 
p r i c e s  of $2-6/GJ), comparable t o  hydrogen from biomass. A t  s m a l l e r  scale 
( 0 . 5  mi l l i on  sef /day o r  200 GJ/day), steam reforming would cos t  about $11- 
17/GJ, approximately competit ive with s o l a r  o r  wind e l e c t r o l y s i s .  Coal 
g a s i f i c a t i o n  p l a n t s  would a l s o  exh ib i t  s t rong  s c a l e  economies. For large 
p l a n t  s i z e s ,  hydrogen from coal  would cos t  about $8-13/GJ. A t  a given p l a n t  
s i z e ,  hydrogen from biomass g a s i f i c a t i o n  would probably be less expensive than 
hydrogen from coal  g a s i f i c a t i o n ,  because t h e  p l an t  would be less complex. 

P o t e n t i a l  Resources For Renewable Hvdrosen Production 

A s  shown i n  Table 8, ample resources for renewable hydrogen production are 
a v a i l a b l e  i n  most areas of t h e  world (Ogden and DeLuchi 1992; Ogden and 
Nitsch 1992) .  PV hydrogen would r equ i r e  by f a r  t h e  least land and water 
use (Table 9 ) ,  and would be t h e  least  constrained geographically.  Using 
about 0.5% of t h e  g loba l  land area (o r  2% of t h e  world’s dese r t  area) ,  it 
would be  poss ib le  t o  produce PV hydrogen equivalent  i n  energy t o  cu r ren t  
f o s s i l  f u e l  use (300 EJ /year ) .  Wind resources  are a l s o  l a r g e  (an amount of 
energy equivalent  t o  cur ren t  f o s s i l  f u e l  use could be produced us ing  about 
1 / 4  of t h e  p o t e n t i a l l y  ava i l ab le  wind resource o r  6% of t h e  g loba l  land 
a r e a ) .  Although wind hydrogen would r equ i r e  about 1 0  t i m e s  t h e  land a rea  
of PV, t h e  land  could perhaps be used simultaneously f o r  o the r  purposes. 
Biomass hydrogen equivalent  i n  energy t o  cur ren t  o i l  use (115 EJ/yr)  could 
be produced on 10% of f o r e s t ,  woodland and cropland a r e a  ( 4 %  of global  l and  
area) .  Biomass would r equ i r e  about 20-30 t i m e s  t h e  land needed f o r  PV, and 
several thousand t i m e s  as much w a t e r ,  so t h a t  resource c o n s t r a i n t s  might 
u l t ima te ly  l i m i t  biomass hydrogen development. Hydropower resources,  
although much s m a l l e r  than so la r ,  wind o r  biomass resources  could make 
l o c a l  cont r ibu t ions  as w e l l .  

The renewable hydrogen p o t e n t i a l  f o r  t h e  United S t a t e s  is i l l u s t r a t e d  i n  Table 
10 .  Locally s i g n i f i c a n t  resources  [defined here  as 0 . 1  EJ/year (enough t o  
f u e l  several mi l l i on  f u e l  cell  vehic les )  o r  more] are shown i n  boldface.  I n  
most states, t h e  PV resource i s  t h e  l a r g e s t  and i s  l o c a l l y  s i g n i f i c a n t ,  
al though i n  some Great P la ins  s t a t e s ,  wind power resources  are dominant. In  
t h e  rightmost column of Table 10, t h e  s ta tewide renewable hydrogen p o t e n t i a l  
i s  compared t o  t h e  pro jec ted  2010 s ta tewide energy requirement f o r  a l l  l i g h t  
duty vehic les ,  assuming they were converted t o  hydrogen f u e l  cel ls .  It  would 
be poss ib l e  t o  produce enough renewable hydrogen f u e l  l o c a l l y  f o r  s ta tewide 
t r a n s p o r t a t i o n  needs i n  a l l  but 4 s tates.  Land and water requirements would 
be r e l a t i v e l y  modest. With PV e l e c t r o l y s i s  alone it would be poss ib l e  t o  
supply enough hydrogen for a l l  l i g h t  duty vehic les  i n  t h e  U S  us ing  only 0 .1% 
of t h e  contiguous US land  area (1% of t h e  US dese r t  area).  
Alternatively,hydrogen could be produced from wind power on 2% of t h e  U S  land 
area (1/8 of t h e  t o t a l  wind resource) o r  from biomass on 3% of t h e  US land 
area (o r  about 2 / 3  of cu r ren t ly  i d l e d  c ropland) .  Because renewable hydrogen 
could be produced almost anywhere i n  t h e  US long d is tance  p ipe l ines  might not 
be necessary.  Ins tead  t h e  b e s t  l o c a l  resource could be used. 
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Hydrogen Delivery Systems 

Once hydrogen is  produced, it must be  s to red ,  t r anspor t ed ,  d i s t r i b u t e d  and 
de l ive red  t o  t h e  use r  i n  t h e  des i r ed  form. Many opt ions  are available f o r  
s t o r i n g  and t r a n s p o r t i n g  hydrogen as a gas o r  a l i q u i d  o r  i n  t h e  form of 
hydrogen bear ing energy carriers such a s  hydrides  o r  methanol. 
has  a s t rong  in f luence  on'how t h e s e  s t e p s  are best accomplished. 

The end-use 

Case Study: Del iver inu Gaseous Hydrocren Transportat ion Fuel  

As an example, w e  estimate t h e  c o s t  o'f d e l i v e r i n g  gaseous hydrogen f o r  use i n  
f u e l  ce l l  veh ic l e s .  The c o s t s  of hydrogen compression and s to rage  a t  t h e  
production s i t e  (which would be neccessary t o  level t h e  output  o f  PV o r  wind 
e l e c t r o l y z e r s ) ,  p i p e l i n e  t ransmiss ion  ( i f  r e q u i r e d ) ,  l o c a l  d i s t r i b u t i o n  cos t s  
and f i l l i n g  s t a t i o n  c o s t s  are est imated.  Because, components of gaseous 
hydrogen de l ive ry  systems (compressors, compressed gas s to rage  systems, 
p i p e l i n e s )  e x h i b i t  considerable  economy of s ca l e ,  c o s t s  a r e  c a l c u l a t e d  f o r  
t h r e e  system s i z e s  (Table 7): 

* A 1 0  MW PV o r  wind hydrogen e l e c t r o l y s i s  "demonstration" system, 
supp l i e s  t r a n s p o r t a t i o n  f u e l  f o r  a c e n t r a l l y  r e fue led  f l e e t  of 1000  f u e l  ce l l  
cars. Hydrogen i s  compressed f o r  s to rage  i n  above ground compressed gas 
cy l inde r s .  Hydrogen f u e l  c e l l  f lee t  veh ic l e s  with compressed gas s t o r a g e  a r e  
r e f u e l e d  o n s i t e  from high pressure  cascades.  Compression adds about $2.4/GJ, 
s to rage  about $1.4/GJ, and f i l l i n g  s t a t i o n  equipment $2.5/GJ, so  t h a t  
d e l i v e r y  adds a t o t a l  of about $6/GJ t o  t h e  cos t  of hydrogen. 

ce l l  veh ic l e s .  Here hydrogen could be produced via PV o r  wind e l e c t r o l y s i s  o r  
biomass g a s i f i c a t i o n .  For i n t e r m i t t t e n t  systems hydrogen i s  compressed t o  750 
p s i a  and s t o r e d  i n  underground rock caverns t o  l e v e l  t h e  p l a n t  ou tput .  
Compression and s to rage  would not  be requi red  f o r  biomass p l a n t s ,  which would 
opera te  cont inuously.  Hydrogen is  f e d  i n t o  a c i t y  gas  network and and piped a 
shor t  d i s t a n c e  t o  about 100  f i l l i n g  s t a t i o n s  f o r  passenger c a r s .  H e r e  s c a l e  
economies reduce compression c o s t s  t o  $1.4/GJ and and s to rage  c o s t s  t o  
$l.O/GJ, but  l o c a l  d i s t r i b u t i o n  c o s t s  of $0.5/GJ and f i l l i n g  s t a t i o n  c o s t s  of 
$5.2/GJ must be  added, so t h a t  de l ive ry  adds about $8/GJ t o  t h e  c o s t  of 
hydrogen. 

* A 750 MW " c i t y  supply" system produces hydrogen f u e l  f o r  300,000 f u e l  

* A 75 GW " s o l a r  export" PV hydrogen system produces f u e l  f o r  long  
d i s t ance  p i p e l i n e  t ransmiss ion  t o  serve 30 m i l l i o n  f u e l  ce l l  v e h i c l e s .  
Hydrogen is  s t o r e d  i n  deple ted  gas f i e l d s  o r  aqu i f e r s ,  compressed t o  1 0 0 0  p s i a  
f o r  p i p e l i n e  t ransmiss ion  1000 m i l e s .  Local d i s t r i b u t i o n  t o  f i l l i n g  s t a t i o n s  
occurs  a t  t h e  end of t h e  p i p e l i n e .  H e r e ,  scale economies f u r t h e r  reduce 
s to rage  c o s t s ,  bu t  long d i s t ance  p i p e l i n e  c o s t s  must be added, so t h a t  
de l ive ry  adds about $8/GJ t o  t h e  hydrogen co.st. 

The t o t a l  de l ive red  cos t  of PV o r  wind hydrogen i s  about $18-27/GJ (a cos t  of 
energy equiva len t  t o  about $2.3-3.6/gallon of g a s o l i n e ) ,  and would be 
approximately independent of  production scale. For biomass hydrogen produced 
i n  a " c i t y  supply" system, de l ive red  c o s t s  would be $12-15/GJ ($1.6-1.9/gallon 
g a s o l i n e ) .  
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End-Use Case Study: Hydrogen Fuel Cell Automobiles 

I t  i s  becoming inc reas ing ly  l i k e l y  t h a t  over t h e  next t e n  t o  twenty years ,  
s i g n i f i c a n t  oppor tun i t i e s  could open t o  introduce hydrogen as a c lean  
t r a n s p o r t a t i o n  f u e l .  I n  p a r t i c u l a r ,  t h e  Ca l i fo rn ia  A i r  Resources Board has 
mandated t h a t  s t a r t i n g  i n  1998 2% of a l l  passenger cars and l i g h t  t r u c k s  s o l d  
i n  t h e  s ta te  must be zero emission veh ic l e s  (ZEVs) .  By 2001, 5% of l i g h t  duty 
veh ic l e s  must be ZEVs and by 2003, 1 0 % .  The only veh ic l e s  which could be 
developed i n  t h i s  t i m e  frame t o ' r i g o r o u s l y  m e e t  t h e  ZEV s tandards  are f u e l  
cell  veh ic l e s  run on hydrogen and electric b a t t e r y  veh ic l e s .  (Although 
methanol f u e l  c e l l  veh ic l e s  would not  be ZEVs, because t h e  reformer would e m i t  
some CO and NOx, emissions would be c l o s e  t o  zero, only about 1% t hose  of a 
comparable gaso l ine  powered car. 'The newly announced H-Power system, which 
would react water with sponge i r o n  t o  produce hydrogen onboard might a l s o  
q u a l i f y  as a ZEV o r  near  ZEV (Maceda 19921.1 Hydrogen f u e l  ce l l  cars could ' 

o f f e r  p o t e n t i a l  advantages as compared t o  o t h e r  zero emission o r  near  zero 
emission vehic les .  

o Because hydrogen s to rage  is le'ss heavy and bulky t h a n  advanced electric 
b a t t e r i e s ,  t h e  range of a hydrogen f u e l  ce l l  v e h i c l e  would probably be 
longer  

compared t o  s e v e r a l  hours f o r  recharging e lectr ic  b a t t e r i e s .  
o High p res su re  gas cy l inde r s  could be r e fue led  i n  s e v e r a l  minutes, a s  

o Biomass is t h e  only renewable energy source which cou ld  be used t o  
produce methanol. Hydrogen could be produced from a wide v a r i e t y  of 
sources  such as PV and wind, which are less geographical ly  constrained 
than  biomass and p o t e n t i a l l y  much l a r g e r .  

Assessment of hydroqen f u e l  ce l l  veh ic l e s  

In  a f u e l  cel l  e lectr ic  veh ic l e  (FCEV), a hydrogen-air f u e l  cel l  provides  
e l e c t r i c i t y  t o  an electric d r i v e  t r a i n  s i m i l a r  t o  t hose  used i n  b a t t e r y  
powered e lectr ic  veh ic l e s  (Lemons 1990; SAE 1 9 9 1 ) .  Hydrogen f u e l . i s  s to red  
d i r e c t l y  (as a compressed gas o r  hydr ide) ,  i n  t h e  form of methanol, .which i s  
reformed onboard t o  produce hydrogen o r  i n  t h e  form of sponge i ron ,  which is  
reacted with steam onboard t o  make hydrogen and FeO, (Maceda 1 9 9 2 ) .  I n  some 
designs peak power demands are m e t  by a small  supplemental b a t t e r y  o r  perhaps 
an u l t r a -capac i to r .  Recent CEES s t u d i e s  (DeLuchi 1992; DeLuchi and Ogden 
1992) have modelled f u e l  cell  veh ic l e s  based on proton exchange membrane (PEM) 
f u e l  cell ,  which o f f e r s  high power dens i ty ,  quick s t a r t - u p  t i m e ,  modest 
opera t ing  temperature (lOO°C) and t h e  p o t e n t i a l  t o  reach low costs i n  m a s s  
production. PEM f u e l  cel ls  are now being developed and should be a v a i l a b l e  
wi th in  a f e w  yea r s  ( P r a t e r  1990).  The supplemental peak power b a t t e r y  i s  
assumed t o  be a b i p o l a r  l i t h ium i r o n  d i s u l f i d e  b a t t e r y ,  a promising technology 
now under development, which has t h e  high power dens i ty  needed f o r  peak power. 
High p res su re  compressed hydrogen gas cy l inde r s  are chosen f o r  hydrogen 
s to rage  because they  a r e  s i m p l e ,  commercially ava i l ab le ,  and can be r e f i l l e d  
quickly.  

Based on models by DeLuchi (DeLuchi 1992, DeLuchi and Ogden 19921, hydrogen 

217 



f u e l  c e l l  veh ic l e s  are compared t o  gaso l ine  i n t e r n a l  combustion engine 
veh ic l e s  ( I C E V s ) ,  methanol f u e l  ce l l  veh ic l e s  (MeOH FCEVs) and b a t t e r y  powered 
e lec t r ic  veh ic l e s  (BPEVs) (Table 11). Post 2000 cos t  and performance 
p ro jec t ions  are used f o r  f u e l  cel l ,  b a t t e r y ,  and gasol ine  veh ic l e  
technologies .  To f a c i l i t a t e  comparison, t h e  weight, range and performance of 
t h e  veh ic l e s  has  been chosen t o  be comparable. The f u e l  e f f i c i e n c y  of t h e  
f u e l  ce l l  veh ic l e s  i s  about 2.5 t o  3 t i m e s  t h a t  of t h e  gaso l ine  vehic le .  
Moreover, t h e  l ifetime i s  assumed t o  be about 50% longer  than  a gasol ine  
vehic le  and t h e  maintenance cos t  i s  less, assumptions which are based on 
experience wi th  electric b a t t e r y  veh ic l e s .  The i n i t i a l  c o s t  of t h e  f u e l  ce l l  
vehic les  is  about $800.0-9000 h igher  t han  t h a t  of t h e  gaso l ine  veh ic l e .  The 
l ifecycle c o s t  of t r a n s p o r t a t i o n  i s  then  computed assuming t h a t  hydrogen i s  
produced from s o l a r  o r  wind (a t  a de l ive red  cos t  of $23.4/GJ without t axes )  o r  
from biomass (a t  a de l ive red  cqst of $13.2/GJ). Methanol from biomass i s  
est imated t o  c o s t  $13.O/GJ de l ivered ,  e l e c t r i c i t y  7 cents/kWh, and gasol ine  
$1 .2 l /ga l lon  ( a  p r i c e  p ro jec t ed  f o r  t h e  year  2000). Figure 2 shows t h e  
l i f e c y c l e  c o s t ,  and a l s o  t h e  breakeven gasol ine  p r i c e ,  which would make t h e  
t o t a l  l i f e c y c l e  c o s t  of t h e  gaso l ine  veh ic l e  equal  t o  t h a t  of t h e  a l t e r n a t i v e  
veh ic l e  (DeLuchi and Ogden 1992) .  

Rather su rp r i s ing ly ,  w e  see t h a t  f u e l  ce l l  veh ic l e s  fue l ed  with hydrogen from 
s o l a r  o r  wind would have a l i f e c y c l e  cos t  comparable t o  t h a t  of a gaso l ine  
veh ic l e  o r  an e lectr ic  b a t t e r y  car. With biomass hydrogen o r  methanol t h e  
l i f e c y c l e  c o s t  would be even lower. Even though t h e  i n i t i a l  v e h i c l e  c o s t  and 
f u e l  c o s t s  are h igher  f o r  renewable hydrogen than  those  f o r  gaso l ine ,  t h e  
l i f e c y c l e  Cost is about t h e  same ( o r  s l i g h t l y  lower f o r  biomass hydrogen) 
because: 1) hydrogen can be used 2 to* 3 t i m e s  as e f f i c i e n t l y  as gasol ine ,  so 
t h a t  t h e  f u e l  c o s t  per  km is less; 2 )  t h e  l i f e t i m e  of t h e  f u e l  ce l l  veh ic l e  i s  
50% longer  so  t h a t  t h e  con t r ibu t ion  of  t h e  veh ic l e  c o s t  t o  t h e  l i f e c y c l e  cos t  
is  only s l i g h t l y  h igher  t han  f o r  gasol ine;  3 )  maintenance c o s t s  are lower f o r  
FCEVs than  f o r  ICEVs .  

A Poss ib l e  S t ra teqy  f o r  Introducincr Hydroqen Fuel C e l l  Vehicles i n  t h e  US 

Large and r ap id ly  growing markets for ZEVs are l i k e l y  t o  open over t h e  next 
t e n  t o  twenty years .  (By 2003, several hundred thousand ZEVs p e r  year  
would be requi red  i n  Ca l i fo rn ia  a lone.)  Because o f ' t h e i r  mucH f a s t e r  
r e f u e l i n g  t i m e  f u e l  c e l l  veh ic l e s  could eventua l ly  serve a much l a r g e r  
f r a c t i o n  of t h e  passenger car marke t  than b a t t e r y  powered e lec t r ic  veh ic l e s  
(BPEVs) .  To  compete economically with BPEVs, however, FCEVs would have t o  
be developed, tested and commercialized on a large enough scale t o  
s i g n i f i c a n t l y  reduce f u e l  c e l l  cos ts .  

The f irst  prototype hydrogen FCEVs could be developed within t h e  next f e w  
years .  Tes t ing  i n  s m a l l  experimental  f l e e t s  i s  t h e  first s t e p  toward gaining 
experience with veh ic l e  and r e f u e l i n g  technology and evaluating'consumer 
acceptance.  Beyond t h i s ,  t h e  next s t e p  might be t h e  in t roduc t ion  of  modest 
s i z e d  f leets  of several hundred t o  a f e w  thousand vehic les ,  which would be 
c e n t r a l l y  re fue led .  With a committment from indus t ry ,  it is poss ib l e  t h a t  
t h e s e  f leets  could be ready around t h e  year 2000 i n  response t o  t h e  Ca l i fo rn ia  
market. If hydrogen FCEVs proved successfu l  i n  f leet  se rv ice ,  t h e  hydrogen 
d i s t r i b u t i o n  network might be expanded t o  general  consumers. During t h e  e a r l y  
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decades of t h e  next  century, FCEVs might come t o  capture  a l a r g e  share  of t h e  
ZEV market. 

How would hydrogen be produced t o  s a t i s f y  these  p o t e n t i a l  markets? 
199Os, experimental  f l e e t s  would probably use t ruck  de l ivered  i n d u s t r i a l  
hydrogen der ived from na tu ra l  gas. A f t e r  t h e  year  2000, l a r g e r  government or 
u t i l i t y  owned f l e e t s  might be introduced. A 1000 car fleet would r equ i r e  
about 75,000 G J  of hydirogen pe r  year or 0 . 5  mi l l ion  scf/day. At t h i s  scale, 
it would be less c o s t l y  t o  produce hydrogen a t  t h e  f i l l i n g  s t a t i o n ,  e i t h e r  
from s m a l l  scale steam reforming of na tu ra l  gas o r  v i a  e l e c t r o l y s i s .  [By t h e  
e a r l y  p a r t  of t h e  next century,  wind and PV hydrogen would become roughly cos t  
competit ive with s m a l l  scale steam reforming of n a t u r a l  gas (assuming na tu ra l  
gas c o s t s  $4-6/GJ i n  t h i s  t ime frame).  A t  t h i s  s m a l l  s c a l e  biomass hydrogen 
would probably be t o o  expensive.] In  t h e  longer t e r m ,  l a r g e  numbers of FCEVs 
might be introduced as general  purpose passenger cars .  Hydrogen f u e l  would be 
produced i n  a c e n t r a l i z e d  l a r g e  p l an t  ‘and made ava i l ab le  t o  urban cqnsumers a t  
l o c a l  f i l l i n g  s t a t i o n s .  T o  supply a c i t y  with hundreds of thousands of FCEVs, 
biomass hydrogen would be t h e  least  expensive renewable source.  Even though 
many regions of t h e  world ( including most of t h e  US) are c lose  t o  good so la r ,  
wind o r  biomass resources,  it might be neccessary i n  a r e a s  such as Northern 
Europe t o  t r ansmi t  hydrogen long d is tances  (Winter and Nitsch 1988, Ogden 
and Nitsch 1992). For a l a r g e  (0.5 EJ/yr) 1600 km p ipe l ine ,  t h e  de l ivered  
cos t  of PV hydrogen would be about t h e  same as f o r  a l o c a l  c i t y  supply, 
because increased  t ransmission and d i s t r i b u t i o n  c o s t s  would be o f f s e t  by 
savings i n  l a r g e  scale s torage  and compression cos t s .  

W e  have sketched one poss ib l e  scenario f o r  developing a t r anspor t a t ion  
system based on f u e l  ce l l  vehic les ,  using d i r e c t  s torage  of compressed 
hydrogen gas.  Other opt ions such as reforming methanol o r  r e a c t i n g  sponge 
i r o n  onboard t h e  veh ic l e  t o  make hydrogen would give q u i t e  d i f f e r e n t  
de l ivery  and end-use systems. 

I n  t h e  

Sumnary of Results Thusfar 

* Based on pos t  2000 p ro jec t ions  f o r  PV, wind and e l e c t r o l y s i s  technologies,  
w e  f i n d  it would be poss ib le  t o  produce e l e c t r o l y t i c  hydrogen a t  a cos t  of 
$12-21/GJ. Because of t h e  modular na ture  of PV, wind and e l e c t r o l y s i s ,  
t h e s e  production c o s t s  could be achieved a t  r e l a t i v e l y  s m a l l  scale. A t  
l a r g e  scale, hydrogen from biomass g a s i f i c a t i o n  would be t h e  l e a s t  
expensive renewable option, cos t ing  about $6.2-8.8/GJ t o  produce. 

* There a r e  good t o  exce l l en t  resources  f o r  renewable hydrogen production 
g loba l ly  and i n  most areas of t h e  United S ta t e s .  I t  would be poss ib l e  t o  
produce enough f u e l  f o r  l i g h t  duty f u e l  c e l l  vehic les  from l o c a l  resources  in 
a l l  but 4 states.  Land and water requirements would be modest. With PV 
e l e c t r o l y s i s  a lone  it would be poss ib le  t o  supply enough hydrogen f o r  a l l  
l i g h t  duty veh ic l e s  i n  t h e  US using only 0.1% of t h e  contiguous US land area  
(1% of t h e  US d e s e r t  area) .  With biomass about 2/3 of t h e  p re sen t  i d l e d  
cropland (3% of t h e  US land area) would be needed. 

* For gaseous hydrogen de l ive ry  systems, compression and s to rage  ( f o r  
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i n t e r m i t t e n t  sources  such a s  PV o r  wind),  p i p e l i n e  t ransmission,  l o c a l  
d i s t r i b u t i o n  and de l ive ry  a s  t r a n p o r t a t i o n  f u e l  would add a t o t a l  of about 
$ 6 - 8 / G J  t o  t h e  hydrogen cos t .  

* Even though renewable hydrogen would be seve ra l  t i m e s  a s  expensive as 
gasol ine  and f u e l  cel l  cars would probably be considerably more expensive 
than  gasol ine  veh ic l e s ,  hydrogen f u e l  ce l l  veh ic l e s  might, i n  t h e  long t e r m ,  
compete on a l i f e c y c l e  cos t  b a s i s  with gaso l ine  and electric b a t t e r y  
vehic les .  Assuming t h a t  goa ls  f o r  f u e l  cel ls  and b a t t e r i e s  a r e  acheived, t h i s  
would occur because f u e l  ce l l  veh ic l e s  would be 2-3 t i m e s  as energy e f f i c i e n t  
as gasol ine  veh ic l e s ,  and would have a longer  l i f e t i m e  and lower maintenance 
cos t s .  

* Our a n a l y s i s  of a l t e r n a t i v e  t r a n s p o r t a t i o n  f u e l s  i n d i c a t e s  t h a t  t h e  
de l ivered  f u e l  c o s t  a lone  i s  not  a good i n d i c a t o r  of t h e  t o t a l  c o s t  of  
energy services. This i s  p a r t i c u l a r l y  important f o r  high q u a l i t y  energy 
carriers l i k e  hydrogen which can be used very e f f i c i e n t l y .  Fuel c o s t s  pe r  
ki lometer  would be less with PV o r  wind hydrogen used i n  a f u e l  ce l l  car 
than  with gaso l ine  used i n  an i n t e r n a l  combustion engine. Moreover, 
cons idera t ions  such as r e f u e l i n g  t i m e  and range could have as l a r g e  an impact 
on consumer choices as cos t .  

* The t r a n s p o r t a t i o n  case s tudy a l s o  i l l u s t r a t e s  t h e  importance of consider ing 
t h e  whole system from seve ra l  po in t s  of view (energy producer, consumer, 
environmental/resource) . 

Future Research D i r e c t i o n s  

Thusfar, w e  have assessed  a range of methods f o r  producing hydrogen 
from renewables (consider ing both economics and resource  i s s u e s ) ,  and seve ra l  
op t ions  f o r  s to r ing ,  d e l i v e r i n g  and us ing  hydrogen as a t r a n s p o r t  f u e l .  The 
next phase of  our research  w i l l  be t o  assess o t h e r  p o t e n t i a l l y  important 
opt ions f o r  hydrogen t r a n s p o r t a t i o n  systems. Two systems of p a r t i c u l a r  
i n t e r e s t  are "hythane" and t h e  H-power " i ron  powered" f u e l  c e l l  system. Other 
end-uses such as r e s i d e n t i a l  hea t ing  and cogeneration w i l l  a l s o  be considered. 
These ana lyses  w i l l  be used t o  h e l p  i d e n t i f y  poss ib l e  s t r a t e g i e s  f o r  
developing renewable hydrogen energy systems. 
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T a b l e  0. Conversion factors 

1 E J  = Exajoule (lo'* Joules)  = '0 .95  Quadr i l l i on  BTUs 

1 G J  = Gigajoule ( l o 9  Joules)  = 0.95  Mil l ion BTUs 

1 mil l ion  s tandard  cubic feet H2/day = 

100 hec tares  = 1 km2 = l o 6  m2 = 0.39 square m i l e s  = 247  acres 

1 gal lon gasol ine  = 0.1304 G J  (higher hea t ing  value)  

$ l /ga l lon  gasol ine  = $7 .67 /GJ  = $8.09/MBTU 

Hydrogen used by f u e l  ce l l  passenger automobile = 18 GJ/year o r  0 . 0 5  GJ/day 
( f o r  a c a r  with f u e l  economy equivalent  t o  7 4  mpg, dr iven 1 0 , 0 0 0  mi les /yr )  

______________---__--------------------------------- ______________-____----------- 

28,300 Nm3 HZ/day = 362 GJ/day (HHV) 

A l l  cos t s  are given i n  average 1989 US d o l l a r s .  

For hydrogen production p l an t s ,  compr'ession, s torage  and t ransmission 
systems l e v e l i z e d  c o s t s  w e r e  c a l cu la t ed  i n  constant  d o l l a r s  assuming (EPRI 
1986)  : 

R e a l  d iscount  rate = 6.1% 
Annual. insurance = O.S%,of i n s t a l l e d  c a p i t a l  cos t  

Annual proper ty  t axes  = 1.5% of i n s t a l l e d  c a p i t a l  cos t  

A l l  hydrogen c o s t s  a r e  based on t h e  higher  hea t ing  value of hydrogen 

Technology 1 9 9 1  N e a r  t em Post  2000 

Wind (630 W/m2) - 4.5 2 . 6  

(350 W/m2) 1 4 . 3  7.0 4 . 0  
Solar  thermal e l e c t r i c  (SW US) 11-16 11-1 6 5.5-7.8 
Solar  PV (SW U S )  14-35 7-1 6 2 . 2 - 4 . 4  (DC) 

3.2-5.4 (AC) 

(500 W/m2) 8.3 5.2 3.3 

i 

Hydropower (Off-peak) 1-4 1-4 1 -4  ----------- 
Adapted from (Ogden and DeLuchi 1 9 9 2 ) .  Levelized c o s t s  are given f o r  
i n t e r m i t t e n t  e l e c t r i c i t y  a t  t h e  p lan t  s i t e  without s torage .  For wind power 
t h e  annual average wind power dens i ty  a t  hub height  i s  shown i n  
parentheses .  
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Table 3. Post-2000 w i n d  electrolytic hydrogen system parameters 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Horizontal  a x i s  wind tu rb inea  
Turbine capac i ty  1000 kW 
Turbine diameter 52 m 
Hub he igh t  50 m 
To ta l  i n s t a l l e d  system c o s t  $75O/kWpeak 
Annual O&M c o s t  $O.OOS/kWhAC 
Land r e n t  SO.O03/kWhAC 
System lifetime 30 yea r s  

E%ectares/MWe 1 6  
Ef f i c i ency  of coupl ing 

System a v a i l a b i l i t y  95% 
Turbine spac ing/ turb ine  diameter 5 x 10 

t o  e l e c t r o l y z e r b  94% 

Atmospheric p re s su re  unipolar  
R a t e d  vo l t age  
Rated c u r r e n t  dens i ty  
Max. ope ra t ing  cu r ren t  dens i ty  
Ef f i c i ency  a t  max. op. vo l t age  
R e c t i f i e r  c o s t  
Rect i f ier  e f f i c i e n c y  
I n s t a l l e d  AC p l a n t  c a p i t a l  c o s t  

E l e c t r o l y z e r  annual O&M cos t  
E l e c t r o l y z e r  l ifetime 

@ max. ope ra t ing  cu r .  dens i ty  

e l ec t ro lvze r '  
1 . 7 4  Vo l t s  
250 mA/cm2 

85% 
$13O/kWACin 

96% 

$37l/kWACin 
2% of capital  c o s t  

20 yea r s  

333 mA/cm2 - 

T o t a l  w ind /e l ec t ro lys i s  system 
capital  c o s t  $1461-1592/kW H 2  out  

Wind resource Class 5 C l a s s  3 
Annual average wind power dens i ty  W/m2 

(power p e r  u n i t  of area swept by tu rb ine ) .  630 350 

Levelized c o s t  of  wind e l e c t r i c i t y  (cents/kWh) 2 . 6  
Levelized c o s t  of  wind hydrogen ($/GJ) 13.0 

4 . 0  
20 .6  

a Costs  and performance f o r  wind systems are from (Cohen e t .  a l .  1989; 
Lucas e t . a l .  1990; Hock e t .  a l .  1990; SERI 1990) 

r e c t i f i e d  t o  DC f o r  u se  i n  e l e c t r o l y s i s .  AC l o s s e s  from t h e  wind tower t o  
t h e  e l e c t r o l y z e r  are assumed t o  be 6% (Winter and Nitsch 1988).  

I t  is assumed t h a t  t h e  wind system produces AC power, which i s  then  

E l e c t r o l y z e r  ope ra t ing  c h a r a c t e r i s t i c s  and c o s t s  are based on 
c u r r e n t l y  a v a i l a b l e  unipolar  technology. I t  i s  assumed t h a t  t h e  rec t i f ie r  
is s i z e d  f o r  maximum cur ren t  dens i ty  ( H a m m e r l i  1984; Leroy and S t u a r t  
1978; P i r a n i  and S t u a r t  1991; Stucki  1991) .  The maximum cur ren t  dens i ty  
is t aken  t o  be 1.25 t i m e s  t h e  rated cu r ren t  dens i ty  (Winter and Nitsch 
1988; S teeb  e t . a l .  1990) .  
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Thin f i l m  PV modules, t i l t e d ,  f i x e d  f la t -plate  array (> 1 0  M W P ) ~  
PV module e f f i c i e n c y  12-18% 
PV module manufacturing c o s t  $3 0-5 5 /m2 
Area-related balance of system c o s t  $37/m2 
Balance of system e f f i c i e n c y  89% 
PV system e f f i c i e n c y  10.7-16.0% 
PV annual OCM c o s t  $0. 5/m2/yr 
PV system l i f e t i m e  30 yea r s  
PV system i n d i r e c t  cos t  f a c t o r  25% 
PV System capi ta l  c o s t  $522-1077/kWDC 
Eff ic iency  of coupling t o  

elect r o l  y z erb 93% (direct connection) 
Cost of coupling t o  e l e c t r o l y z e r  negl  i b l e  

Atmospheric pressure  unipolar  e l e c t r o l y z e r C  
Rated vol tage  1 . 7 4  Vol t s  
Rated cu r ren t  dens i ty  250 mA/cm2 
Max. opera t ing  cu r ren t  dens i ty  333 mA/cm2 
Eff i c i ency  a t  m a x .  op. vo l tage  85% 
I n s t a l l e d  DC p l an t  c a p i t a l  cos t  

@ max. opera t ing  cur .  dens i ty  $23l/kWDCin 
E lec t ro lyze r  annual OCM c o s t  2% of  c a p i t a l  c o s t  
E lec t ro lyze r  l i f e t i m e  20 yea r s  

Cost and peformance of PV hydroqen system 
System e f f i c i ency  ( H 2  HHV) / i n s o l a t i o n  8.4-12.7% 
Tota l  c a p i t a l  c o s t  $954-1654/kWH2 out  

So la r  Resource 
Annual average in so la t iond  
Land area requi red  i n  SW US 

1 0 . 7 2  e f f i c i e n t  PV system 
1 6 . 0 %  e f f i c i e n t  PV system 

271 Watt s / m 2  

1.87 hectares/MWe 
1.25 hectares/MWe 

Enerqv c o s t s  
Module e f f i c i e n c y  
Module manuf . cos t  

Levelized c o s t  of DC e l e c t r i c i t y  (cents/kWh) 
Level ized c o s t  of  PV hydrogen ($/GJ) 

18% 
$30/m2 

2 .2  
1 1 . 6  

1 2 %  
$55/m2 

4 . 4  
1 9 . 1  

Notes on next page. 
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Notes t o  Table 4: 

a Pro jec t ed  e f f i c i e n c i e s  and manufacturing c o s t s  f o r  th in- f i lm PV modules 
are from (Carlson 1990; Zweibel 1990) .  
Area-related balance of system c o s t s  are based on conceptual designs f o r  l a r g e  
f ixed ,  f l a t  p l a t e  a r r a y s  are from (Matlin 1990) and (Ogden and W i l l i a m s  
1989) 
Balance of system e f f i c i e n c y  for a DC system is  der ived  from USDOE estimates 
(USDOE 1987) .  Operation and maintenance c o s t s  are p ro jec t ions  based on 
f i e l d  experience from EPRI (Conover 1989) and SMUD (Shusnar 1985) I n d i r e c t  
c o s t s  o f  25% are assumed based on Sandia experience with f ixed ,  f l a t  plate 
a r r a y s  (Noel 1985; Zweibel 1990).  PV system l i f e t i m e  of 30 years  i s  taken 
from USDOE yea r  2000 goals ( Z w e i b e l  1990).  

systems (Steeb e t . a l .  1990; Metz 1985).  

a v a i l a b l e  unipolar  technology. I t  is assumed t h a t  no r ec t i f i e r  i s  needed. 
(Steeb 1990) .  The maximum cur ren t  dens i ty  i s  taken t o  be 1.25 t i m e s  t h e  r a t e d  
cu r ren t  d e n s i t y  (Winter and Nitsch 1988; Steeb 1990).  

PV/electrolyzer  coupling efficiencies a r e  based on small experimental 

E lec t ro lyze r  ope ra t ing  c h a r a c t e r i s t i c s  and c o s t s  are based on cu r ren t ly  

Average annual i n s o l a t i o n  i s  given f o r  t h e  Southwestern United S t a t e s .  
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Dry tonnes biomass pe r  day 
Biomass energy input  (GJ/h) 
Externa l  e l e c t r i c i t y  input  (MWe) 
Thermal conversion e f f i c i e n c y  

Plan t  l i f e t i m e  (years)  
P l an t  capac i ty  f a c t o r  

Tota l  investment c o s t  ( l o 6  $1  
Working z a p i t a l  (IO' $1 
Land (10 $1 
Cost of biomass ($/GJ) 

GJ-hydrogen out/GJ-energy i n  (biomass+elec) 

1650 
1382 

18.2 

70.0% 
25 
90% 

1 3 7  
10.1 . '  

2.05 
2-4 

Variable  opera t in?  c o s t s  exc l .  biomass ( l o 6  $/year) 9 . 2 4  
Biomass c o s t s  (10 $/year)  21.8-43.7 
Fixed ope ra t ing  c o s t  ( l o 6  $/year)  7 . 2 0  

Levelized c o s t s  ($/GJ) 

Cap i t a l  
Labor, maintenance, chemicals 
Purchased e l e c t r i c i t y  
Biomass 

To ta l  

1 . 7 1  
1.15 
0.81 

2.57-5.15 
6.24-8.82 

a Based on t h e  Battelle Columbus Laboratory g a s i f i c a t i o n  technology 
(Larson and Katofsky 1992)  e 
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1991 Near Term Post  2000 

Renewable sources  
E l e c t r o l y t i c  hydrogen ( f o r  p l a n t s  producing 0.5 mi l l i on  scf /day  (180 G J ) ) b  
from: 

So la r  PV (SW US)  54-121 29-57 12-19  
Wind (630 W/m2) 13 

(500 W/m2) 37 25 17 

So la r  thermal (SW US)  45-60 37-63 22-30 
(350 W/m2) 53 38 2 1  

O f f  peak hydroe lec t r i c i ty '  10-20 10-20 10-20 

Hydrogen from biomass g a s i f i c a t i o n d  
Large p l a n t  (50 m i l l i o n  scf /day)  

F o s s i l  sources  
Hydrogen from steam reforming of n a t u r a l  gase 

Large p l a n t  (100 m i l l i o n  scf /day)  6.1-8.1 6.1-8.1 
Small p l a n t  ( 0 - 5  m i l l i o n  scf /day)  11-14 11-1 4 

6.2-8.8 

8.1-10 1 
14-17 

Hydrogen from c o a l  g a s i f i c a t i o n f  
Large p l a n t  (100 mi l l i on  scf /day)  8 8 8 
M e d i u m  p l a n t  (25 mi l l i on  scf /day) 13 13 13 

a Levelized hydrogen production c o s t s  are given. 

about 1000 f u e l  c e l l  f lee t  vehic les ,  each t r a v e l l i n g  48,000 km/yr. 

'Assuming t h a t  off-peak h y d r o e l e c t r i c i t y  a t  e x i s t i n g  s i tes  c o s t s  1 t o  4 
cen t s  per kWh. 

dAssuming t h a t  t h e  biomass feedstock costs  $2 t o  4 p e r  G J .  

A hydrogen p l a n t  producing 180 GJ/day could provide enough energy t o  f u e l  

eAssuming t h a t  n a t u r a l  gas  c o s t s  $2 t o  4 pe r  G J  i n  t h e  1990s and $4 t o  6 
pe r  G J  b e y o n d t h e  year  2000, which i s  the range p ro jec t ed  f o r  t h e  year  2000 
f o r  i n d u s t r i a l  and commercial customers. 

Costs f o r  hydrogen from coal  g a s i f i c a t i o n  are based t h e  steam-iron 
process  (Gregory e t .  a l .  1980), assuming coa l  c o s t s  $1.78/GJ, which i s  t h e  
p ro jec t ed  c o s t  f o r  t h e  year  2000. 
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( m i  1 l i o n s  ) 
5-1 1 7.5 

Capi ta l  costs 
Power  system 
E l e c t  r o l y  z e r  2.3 3.7 
Compressor 0.43 0 . 4 1  
S t  orage 0.73 0.97 
Pipe l ine  - - 
F i l l i n g  S t a t i o n  0.5 0.5 

TOTAL 9.2-14.8 13 .1  

Contr ibut ions t o  
hy droqen cost  ( $ / G J) 

Power System 7.0-14.2 12.8 ’ 

E l e c t r o l y z e r  4.5 6.4 
Compression 2.4 2.2 
Hydrogen s to rage  1.4 1.6 
P i p e l i n e  (1000 m i )  - - 
Local D i s t r i b u t i o n  - - 
F i l l i n g  S t a t i o n  2.5 2.5 

Cos t  of hydrosen t o  consumer a t  
f i l l i n s  s t a t i o n  

(S/GJ) 17.8-25 -0 25.5 
($ /GAL. GAS0 . ) 2 32 -3.2 7 3.34 

Land used by p o w e r  
s y s t e m  (hec tares )  

12-19 4 7-1 60 

Enerqv de l ive red  
per year  66,000 76,000 G J  

( b i l l i o n s )  ( b i l l i o n s  ) 
0.4-0.8 0.6 0.14 40-80 

0.17 0.28 17 
0.02 0.02 1 . 0  
0.04 0.04 1.1 

1 . 9  - - 

0.6-1 1.0 0.14 60-100 

7.0-14.2 12.8 6.2-8.8 7.0-14.2 
4.5 6.4 4.5 
1.4 1.4 1 . 4  
1.0 1 .0 0 . 3  

0.4 
0.5 0.5 0.5 0.5 
5.2 5.2 5 . 2  5.2 

- - 

19.6-26.8 27.3 11.9-14.5 19.3-26.5 
2.55-3.49 3.56 1.55-1.89 2.52-3.46 

(km2) (km2) 
9-14 35-120 3 67 900-1400 

5 MILLION 7 M I L L I O N  G J  0 .5  E J  

Vehicles  fue l ed  1000a 300, O O O b  30  MILLION^ 

a Costs and performance f o r  biomass g a s i f i e r ,  PV and wind e l e c t r o l y s i s  
systems a r e  taken f r o m  Tables 3, 4 and 5 (Ogden and DeLuchi 1992, Ogden and 
Nitsch 1 9 9 2 ) .  

For f lee t  veh ic l e s  with e f f i c i e n c y  equiva len t  t o  60 mpg gasol ine ,  dr iven 
48,000 km per  year .  

For passenger veh ic l e s  with e f f i c i e n c y  equivalent  t o  60 mpg gasol ine ,  driven 
1 6 , 0 0 0  km per year .  

P 
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Table 8 .  Potential Resources for Renewable Hydrogen Production. 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

---- E l e c t r o l y t i c  Hydrogen From--------- Biomass H2 

Technically Tota l  Wind PV on 1% 10% of Fores t  
Useable Hydro P o t e n t i a l  Land Area Woodland, 

Produced on 

R e  gi on EJ HJyr EJ H , / y r  EJ H , / y r  H,/yr 

A f r i c a  
A s i a  
A u s t r a l i a  
N America 
S / C  America 
Europe+former USSR 

9.1 257 128 
15.5 68 103 
1.1 . 75 47 
9. I 308 94 

11.0 122 77 
10.6 366 130 

18 
2% 
5 
17 
24 
24 

World 56.3 1196 579 113 

hectares/MWe, peak m2/ (GJ/yr) liters/GJ (HHW 

E l e c t r o l y t i c  hvdroqen from: 
PVa 1.3 
Sola r  Thermal Electricb 4.0 
Wind' 4.7-16' 
Hydroe lect ri cd 16-900 

1.89 63 
5.71 63 

6.3-33 63 
11-500 >>63 

Biomass Hvdroqen - 50 37,000-74,000 e 

from: 

0.667 0.674 
7.3 7.4 

PV 0.008 0.079 0.268 0.700 
Wind 0.13 0.87 2.9 7.7 - - 
Biomass 0.23 2.2 7.6 19.8 18.9 19.0 

Notes on next  page. 
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Notes t o  Table 9: 

a It is  assumed t h a t  a f ixed ,  f l a t  p l a t e  PV system is  used, wi th  a r r a y  
spacing so  t h a t  1/2 t h e  land area is  covered by a r r a y s .  The e f f i c i e n c y  of 
t h e  PV a r r ay  i s  assumed t o  be 15%, t h e  DC e l e c t r o l y z e r  e f f i c i e n c y  i s  taken 
t o  be 80%, based on t h e  h igher  hea t ing  va lue  of hydrogen, and t h e  coupling 
e f f i c i e n c y  between t h e  PV a r r a y  and t h e  e l e c t r o l y z e r  i s  t aken  t o  be 96%. 
Annual energy product ion i s  given f o r  a Southwestern US l o c a t i o n  with 
average annual i n s o l a t i o n  of 2 7 1  Watts/m2. Water requirements are f o r  
e l e c t r o l y z e r  feedwater.  

e f f i c i ency  (percentage of t h e  s o l a r  energy f a l l i n g  on t h e  c o l l e c t o r  area t h a t  
i s  converted t o  e l e c t r i c i t y )  is 10%; and t h a t  1 / 4  of t h e  l and  area is  covered 
by c o l l e c t o r s .  
systems.) An e l e c t r o l y z e r  with AC e f f i c i e n c y  of 79% is  used, and t h e  coupling 
e f f i c i e n c y  of  t h e  s o l a r  thermal e lectr ic  p l a n t  and t h e  e l e c t r o i l y z e r  is 
assumed t o  be 96%. Annual energy production is given f o r  a Southwestern US 
l oca t ion  w i t h  average annual i n s o l a t i o n  of 2 7 1  W a t t s / m 2 .  Water requirements 
are f o r  e l e c t r o l y z e r  feedwater only.  If w e t  cool ing towers w e r e  used f o r  
cool ing  t h e  steam t u r b i n e  condensors, t h e r e  would be s u b s t a n t i a l  w a t e r  losses. 
T h e  steam t u r b i n e  would a l s o  consume some w a t e r  dur ing  opera t ion .  

used. For areas with a u n i d i r e c t i o n a l  o r  b i d i r e c t i o n a l  wind resource  (as 
i n  some mountain p a s s e s ) ,  t h e  wind t u r b i n e  spacing could be 1 . 5  diameters 
i n  t h e  d i r e c t i o n  perpendicular  t o  t h e  p r e v a i l i n g  wind and 1 0  diameters  i n  
t h e  d i r e c t i o n  p a r a l l e l  t o  t h e  p r e v a i l i n g  wind (Smith 1991) ,  without 
i n t e r f e rence  l o s s e s .  In  t h i s  case, t h e  land  use  would be 4 . 7  hec t a re s  p e r  
MW of electric power. For areas with more v a r i a b l e  wind d i r e c t i o n  (such as 
t h e  Great P l a i n s ) ,  t h e  spacing would be 5 diameters by 10 diameters,  with a 
land use  of 1 6  hectares/MWe. An e l e c t r o l y z e r  with an AC e f f i c i e n c y  of 79% 
is used. Coupling e f f i c i e n c y  between t h e  wind t u r b i n e  and the e l e c t r o l y z e r  
i s  assumed t o  be  96%. The wind t u r b i n e  capac i ty  f a c t o r  i s  assumed t o  be 
26%, corresponding t o  a Class 4 site, with hub he ight  of 50 meters. Water , 

requirements are f o r  e l e c t r o l y z e r  feedwater. 

Land use  i s  estimated f o r  a pa rabo l i c  t rough system, assuming t h a t  t h e  

(Land use  p e r  MW would be s imilar  f o r  c e n t r a l  r e c e i v e r  o r  d i sh  

It i s  assumed t h a t  an a r r ay  of 33 m e t e r  diameter 340 kW wind t u r b i n e s  is  

Land u s e  f o r  hydroe lec t r i c  power v a r i e s  g r e a t l y  depending on t h e  
loca t ion .  The range shown is f o r  l a r g e  p r o j e c t s  i n  va r ious  coun t r i e s .  
Water requirements a r e  f o r  e l e c t r o l y z e r  feedwater only.  Evaporat ive l o s s e s  
a t  t h e  r e s e r v o i r  would probably be much g r e a t e r  t han  feedwater consumption, 
depending on t h e  s i te .  

e It is assumed that. biomass p roduc t iv i ty  of 15 dry  tonnes /hec tare /year  i s  
achieved, and t h a t  t h e  biomass has  a h igher  hea t ing  va lue  o f  19.38 GJ/dry 
tonne. The energy conversion e f f i c i e n c y  of biomass t o  hydrogen v i a  
g a s i f i c a t i o n  i n  a B a t t e l l e  Columbus Laboratory g a s i f i e r  i s  assumed t o  be 
70 .0%.  Water use  i s  based on a r a i n f a l l  of  75-150 cm per year needed t o  
achieve a biomass p roduc t iv i ty  of  15 dry tonnes /hec tare  (DlO. H a l l  e t . a l . ,  
1992).  

P ro jec t ions  are from t h e  I P C C  accelerated po l i cy  scenar io .  



State 

Alabama 
Arizona 
Arkansas 
California 
Colorado 
Connecticut 
De 1 aware 
Florida 
Georgia 
Idaho 
Illinois 
Indiana 
Iowa 
Kansas 
Kentucky 
Louisiana 
Maine 
Maryland 
Mas sachus ett s 
Michigan 
Minnesota 
Mississippi 
Missouri 
Montama 
Nebraska 
Nevada 
New Hampshire 
New Jersey 
New Mexico 
New York 
North Carolina 
North Dakota 
Ohio 
Oklahoma 
Oregon 
Pennsylvania 
mode Island 
South Carolina 
South Dakota 
Tennessee 
Texas 
Ut ah 

Hydrogen (E J/yr) from 

Hydro elect ri cb Biomass 
off-peak undevel. 

Windd Solar Pv" 

0,018 0.005 
0.015 0.021 
0.007 0.012 
0.056 0.096 
0.003 0 .021  
0.001 0.002 
0 0.002 
0.0003 0.0004 
0.013 0.010 
0.014 0.066 
0.0002 0.003 
0.0006 0.0007 
0.0008 0.004 
0.00001 0.001 
0.005 0 .011  
0 0.004 
0.004 0.025 
0.003 0.002 
0.002 0.003 
0.003 0.005 
0 . 0 0 1  0.003 
0 0 a 0 0 1  
0.003 0.008 
0.014 0.032 

.0.002 0.003 
0.005 0.0004 
0.003 0.005 
0.0001 0.0006 
0.0004 0.0006 
0.026 0.016 
0.012 0.013 

0.042 
0 
0.018 
0.015 
0.159 
0 
0.0001 
0.010 
0.054 
0.064 
0.054 
0 
0.161 
0.233 
0.035 
0.012 
0.004 
0 .001  
0 
0.016 
0.150 
0.060 
0.122 
0.222 
0.111 
0.0003 
0 
0.00007 
0.039 
0.005 
0.012 

0.003 
0.0008 
0.005 
0.036 
0.005 
0.00005 
0.008 
0.010 
0.014 
0.004 
0.001 

0.004 
0.002 
0.007 
0.036 
0.020 
0.0001 
0.010 
0.005 
0.004 
0.020 
0.015 

0.256 
0.020 
0.093 
0 .'042 
0.008 
0 
0.021 
0. I69 
0.025 
0.319 
0.019 

0 
0.029 
0.064 
0.171 
1.396 
0.015 
0.006 
0 
0.003 
0.212 
0.177 
0 
1.600 
3.106 
0 
0 
0.163 
0.009 
0.073 ' 

0.189 
1.907 
0 
0.151 
2.961 
2.520 
0.145 
0.012 
0.029 
1.263 
0.180 
0.020 
3.512 
0.012 
2.105 
0.125 
0.131 
0.003 
0.003 
2.99 
0.006 
3.454 
0.070 

0.810 
2.414 
0.831 
2.770 

0.060 
0.024 
0.816 
0.823 
1 315 
0.79 
0.478 
0 e 794 
1.450 
0 562 
0.671 
0.385 
0.131 
0.097 
0.757 
1 a 057 
0.712 
1.039 
2.190 
1.223 
2.240 
0.104 ' 

2.020 

0.093 
2.473 
0.546 
0.693 
1.002 
0.509 
1.217 
1.441 
0.557 
0.013 
0.455. 
1 * 212 
0.584 
4.412 
1.600 

ratio of total 
H2 potential to 
state energy use 
for trans o r t  
with FCVs P 

6.4 
21.4 
10 .9  

3.5 
3 5  

0.8 
1.3 
2.0 
3.7 

3 . 1  
2.7 

5 1  

28  
55 

4.8 
4.9 

12.8 
1.0 
1.0 
3.3 

9.2 
7.2 

2 2  

182 
73  
SO 
0.3 

69 
0.5 

2 . 1  
3.3 

1 . 6  
1 9 5  

3 1  
1 9  

2.2 
0.6 
4.0 

3 .9  
13 .8  
3 3  

168  
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Vermont 0.002 0.004 0.00001 0.014 0.107 6.4 
Virg in ia  0.005 0.011 0 :007 0.035 0.563 3.0 
Washington 0.142 0.070 0.080 0.096 0 . 8 2 5  8.9 
West Virg in ia  0.001 0.017 0.00006 0.015 0.299 5.6 
Wisconsin 0.003 0.004 0.049 0.163 0.675 6.3 
Wyoming 0.002 0.015 0 . 0 2 1  2.168 1.719 184 

Total  0.455 0.660. 2 .76  31.30 4 7 . 5 6 -  10.4 

a Locally s i g n i f i c a n t  resources  (defined here  a s  0 . 1  E J  pe r  year  o r  more) are 
h ighl ighted  i n  boldface type .  

The off-peak hydroe lec t r i c  p o t e n t i a l  f o r  hydrogen product ion i s  est imated 
assuming t h a t  power equal  t o  t h e  i n s t a l l e d  capac i ty  i n  each s t a t e  could be 
ava i l ab le  25% of t h e  t i m e  f o r  off-peak hydrogen production. I t  is  assumed 
t h a t  a l l  t h e  undeveloped hydropower i s  devoted t o  hydrogen product ion.  An AC 
e l e c t r o l y z e r  e f f c i ency  of 79% is assumed. Hydropower capac i ty  ( e x i s t i n g  and 
undeveloped) are from t h e  Federal  Energy Regulatory Commission. 

The biomass p o t e n t i a l  is based on lands he ld  i n  t h e  Conservation Reserve 
Program, which could be r e f o r e s t e d  with biomass p l an ta t ions .  I t  is assumed 
t h a t  biomass p roduc t iv i ty  o f  15  dry tonnes per hec ta re  p e r  y e a r  i s  achieved, 
and t X a t  t h e  biomass has  a higher  hea t ing  value of 19.38 G J  per dry tonne. 
The h igher  hea t ing  value e f f i c i e n c y  of convert ing biomass t o  hydrogen v i a  
g a s i f i c a t i o n  i s  assumed t o  be 70%. An add i t iona l  amount of i d l e d  cropland 
would be available f o r  biomass p l a n t a t i o n  development. Other sources  of 
biomass such as res idues  and urban w a s t e  are not  taken  i n t o  account.  They 
might add about 6-8 E J  na t iona l ly ,  i f  they  w e r e  a v a i l a b l e  (SERI 1 9 9 0 ) .  

The wind energy a v a i l a b l e  i n  each s ta te  is  est imated f o r  Class 3 and higher  
wind resources ,  assuming t h a t  100% of urban and environmentally s e n s i t i v e  
land, 50% o f  f o r e s t  land and 30% of a r g i c u l t u r a l  l and  are excluded ( E l l i o t  
1 9 9 0 ) .  An AC e l e c t r o l y z e r  e f fc iency  of 79% is  assumed. The hydrogen produced 
is  : 

Wind C l a s s  Hydrogen Land U s e  % Contiguous 
(EJ/yr) (h2) US Land a rea  

C l a s s  3 15.2 579449 7 - 5 %  
C l a s s  4 14 .0  415117 5.4% 
C l a s s  5 0.9 27944 0.4% 
Class 6 0 . 9  17203 0.2% 
C l a s s  7 0.2 273 0.003% 

Tota l  Wind C l a s s  3-7 31.2 1041842 13.6% 

@ The PV hydrogen produced on 1% of  t h e  s ta te  area is estimated based on t h e  
annual average s o l a r  resource i n  each state.  A DC e l e c t r o l y s i s  e f f i c i e n c y  of 
84% is  assumed, with 93% coupling e f f i c i ency  f o r  t h e  PV a r r ay  and e l e c t r o l y z e r .  

Here t h e  t o t a l  renewable hydrogen p o t e n t i a l  i n  each s ta te  i s  compared t o  t h e  
energy which would be used f o r  l i g h t  duty veh ic l e s  i n  t h a t  s t a t e ,  based on 
p ro jec t ions  f o r  2010 dr iv ing  l e v e l s ,  i f  gaso l ine  l i g h t  duty veh ic l e s  were 
rep laced  by f u e l  c e l l  veh ic l e s  with three t i m e s  g r e a t e r  e f f i c i ency .  
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Fuel  S torage  System - Comp. gas  Metal 

Fuel  C e l l  
B a t t e r y  ---Bipolar L i  alloy/FeS,------ 
Driving range (kna) 408 400 480 
Power t o  wheels (kW) 81 72 74 
Delivered f u e l  p r i c e  ( e x c l .  t a x )  (Biomass,PV/wind) = 

@ 55 MPa t a n k  ----- PEM----------- 

($ /ga l lon  g a s o l i n e  equiv)  2.54 1.73, 3.06 1.69 
($/GJ) 19.4 13.2, 23.4 13.0 

Refuel ing  t i m e  (min) 60-360 2-3 2-3 
Gasoline-equivalent 

f u e l  economy (1/100 km) 2.18 3.08 3.63 
(mpg) 108 76.5 64 8 

Curb weight (1000 kg) 1.44 1.24 1.27 
I n i t i a l  p r i c e  (1000 $1 29.6 30.4 29.3 
Vehicle  l i f e  (1000 km) 289 289 289 
Annual maintenance c o s t  ($ )  358 401 416 

Metal 
t a n k  

64 0 
98.4 

1.21 
9.3 
2-3 

9.08 

1.37 
25.9 

17.3 
193 
51 6 

LIFECYCLE COST OF TRANSPORTATION FOR ALTEWATIW VEHIWS(CENTS/KM) 

B a t t e r y  
Cost Component EV 

Solar/wind Biomass Biomass Gasoline 
H2 FCV H2 FCV MeOH FCV ICEV 

Purchased e l e c t r i c i t y  1.47 
Vehicle  (exc l .  f u e l  cel l ,  

b a t t e r y ,  storage) 7.09 
B a t t e r y  6.71 
Fuel  storage system 

Fuel  c e l l  system 
Fuel  f o r  v e h i c l e  ( e x c l  . t a x e s )  
Maintenance 1.70 
M i s c .  o t h e r  c o s t s  5.00 

T o t a l  c o s t  (cents/km) 21.99 

Breakeven g a s o l i n e  
p r i c e  i n c l .  t a x  ( $ / g a l )  1.71 

6.72 6.72 6.73 11.17 
2.67 2.67 2.52 
0.83 0.83 0.02 

2.25 2.25 2.65 
2.45 1.42 1.73 2.89 
1.90 1.90 1.97 2.89 
4.72 4.72 4.66 4.56 

(comp.H2 gas (355 MPa) 

21.59 20.56 20.29 21.51 

1.53 1.10 0.99 1.50 

Adapted from (DeLuchi 1992; DeLuchi and Ogden 1992). 
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GASCLOUDSFORMEDBY 
LEAKING GASEOUS FUELS 

Michael R. Swain 
Matthew N. Swain 
University of Miami 

Coral Gables, FL 33124 

Abstract 

This year's work investigates the gas clouds which are produced by fuel pipeline leakage. 
Clouds produced by leakage from a hydrogen pipeline are compared to those of a 
methane pipeline. The growth of the gas clouds is predicted with a computer model 
(Fluent') and verified with a full scale model leaking 50 SCFM (1415 I/min) of hydrogen 
or 15 SCFM (425 Vmin) of methane. These leakage flowrates correspond to equivalent 
energy delivery rates in the pipelines. Preceding work dealt with the growth of a 
combustible gas cloud inside a kitchen (maximum flowrate 0.1 5 SCFM (4.25 Vmin)). The 
leakage of hydrogen was compared to methane or propane. The growth of the clouds 
was predicted with a computer model (Fluent). The leakage rates of the three gases were 
experimentally determined using the elevated hydrogen pressures necessary for 
equivalent energy flow for each fuel. 

FLUENT (Creare. X Inc., Hanover, New Hampshire.) is a computational fluid 
dynamics software package which models fluid and heat transfer problems 
with a finite difference scheme; used to solve the continuity, momentum 
and concentration equations with the appropriate boundary conditions for 
this work. 
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I NTRO D UCTlON 

One of the principal concerns in the safety analysis of gaseous fuels is the risk of 
accidental combustion. This risk occurs during and following gas leakage. A comparison 
of the risks of combustion when using hydrogen, methane or propane is ongoing at the 
University of Miami. Previously, leakage into residential settings (gas flowrates below 
0.1 5 SCFM (4.25 I/min}) was studied. Presently, an investigation into the combustion risk 
incurred in hydrogen pipelines (gas leakage rates of 50 SCFM (1415 Vmin} to 1,000 
SCFM (28,317 Vmin}) is under investigation. 

PREVIOUS WORK 

In the available literature leakage of gases has been modelled as diffusion and as laminar 
or turbulent flow [l-41. As part of this research effort, tests were conducted to determine 
how best to characterize the leakage of gaseous fuels from typical leaks found in 
residential settings. Ten leaking gas delivery pipes were tested. The first four were 
fabricated by modifying home gas line fittings to duplicate errors made during installation. 
The other six pipes were sections of gas lines that had been removed from service due 
to excessive leakage rates. The pipes were tested using hydrogen, methane, and 
propane as test gases. They were tested at line pressures of 0.4 inches of water (0.1 
kPa) to 14 psi (96.5 kPa). These pressures are consistent with the pressures used in 
premise fuel lines of residential customers. The data showed predominately laminar flow 
characteristics for hydrogen leakage in residential settings. These findings formed the 
basis for selection of the leakage flow rates chosen as inputs for the computer model. 
The average flow rates for hydrogen, including the effect of the elevated line pressure re- 
quired for an equivalent energy delivery rate with hydrogen, were 2.1 5 times higher than 
propane and 1.55 times higher than methane. 

The leakage of hydrogen, methane, or propane into each of four example kitchen 
geometries was modelled to determine the level of risk each fuel creates. For very low 
leakage rates, where diffusion yields a relatively homogeneous mixture, the length of time 
necessary to produce a combustible mixture in a confined space is directly proportional 
to gaseous fuel flow rates lean limits of combustion. Under these conditions propane 
produces a combustible mixture slightly before hydrogen while methane requires a longer 
time period than hydrogen to produce a combustible mixture. If a gaseous fuel leak of 
relatively high flow rate occurs, a fuel cloud is formed. The volume of the combustible 
portion indicates both the likelihood of ignition and the severity of the damage resulting 
from accidental ignition of the cloud. Therefore, the volume of the combustible portion 
as a function of time was used as a measure of the relative safety of a fuel. The volume 
of the combustible portion produced by each of three fuels (hydrogen, methane, and 
propane) as a function of time was computed using the experimentally determined fuel 
leakage rates. A computer model was used to calculate the volumes of the combustible 
portions. The effect of room geometry was investigated by performing the analysis on 
four kitchens of different geometries. 
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The combusl ,2 portion o 

PREVIOUS RESULTS 

the fuel cloud is defined as the region in which the fuel-air 
mixture is richer than the lean limit of combustion and leaner than the rich limit of 
combustion. The dispersion rate (including diffusion and buoyancy effects) for hydrogen 
was high enough to prevent a combustible mixture of hydrogen and air from forming in 
any of the four chosen kitchen geometries. An example of this can be seen in Figure 1. 
Methane produced a combustible cloud only in kitchen A (Figure 2) and propane always 
formed a large volume of combustible gases (Figure 3). Figures 4 though 6 depict the 
typical results for all the kitchen geometries. Hydrogen and methane gas clouds do exist 
and become visible if plots are made'at gas concentrations below the lean limit of 
combustion. Figures 7 and 8 show a comparison of the gas cloud boundary positions in 
kitchen B for hydrogen and methane 12 minutes after the leak started. The hydrogen gas 
cloud boundary is shown at a 0.3% concentration level. The methane gas cloud 
boundary is shown at a fuel gas concentration level of 2.1 %. The shapes of the hydrogen 
and methane clouds indicate the motion of the gases. Since they are both lighter than 
air they rise forming a column of fuel-air mixture too lean to burn. The highest 
concentrations of fuel, in the center of the column, exits out of the vent. This accounts 
for the apparent lack of gaseous fuel in the various kitchen geometries. The behavior of 
hydrogen is similar to methane but it is acted upon by a much higher buoyancy force due 
to its very low density. 

PRESENT WORK 

The objectives of the present work are as follows: 

1. 

2. 

3. 

4. 

To compare the effects of gas leakage from two pipelines, one transporting natural 
gas and one transporting hydrogen. 
To determine the size of the burnable gas ctoud produced by leakage from each 
pipeline by computer modeling. 
To determine the size detonable gas cloud produced by leakage from each 
pipeline by computer modeling. 
To verify computer model by experiment. 

The model used to conduct the present investigation makes the following assumptions: 

i) 
ii) 
iii) 
iv) 

Flow may be partially turbulent. 
The fluid is Newtonian and incompressible. 
Temperature in the domain is constant. 
Viscosity is constant. This assumption is required due to limitations in the 
software package used for the computations. Note that for the relatively low 
concentrations of fuel gas in this analysis, the viscosity of the fuel-air mixture 
is relatively constant. Various representative values of viscosity were used and 
there was little effect on fuel cloud shape [5]. 
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The input to the computer model assumes the same energy flowrate out of both the 
hydrogen and methane pipelines. The model then predicts the combustible gas cloud 
shape and position as seen in figures 9-14. It can be noted in the figures that the 
methane cloud is larger than the hydrogen cloud. This was true for all combinations of 
leak direction, wind direction, wind speed, and wall obstructions investigated. Figures 9 
and 10 show the baseline case, with both hydrogen and methane vertically at their 
respective flowrates (hydrogen 50 SCFM (1415 Vmin} and methane 15 SCFM (425 
Vmin}). Figures 11 and 12 show an example of the same leaks with one of the 
combinations of wind speed and wall placement investigated. Different combinations 
were tried in an attempt to find a combination that would produce a hydrogen cloud larger 
than the methane cloud. No such combination has been found to date. Figures 13 and 
14 show the hydrogen and methane gas clouds at a much higher leak flowrate. Again, 
methane produced a much larger cloud than hydrogen. This is principally due to 
hydrogen’s much lower density and hydrogen’s much higher diffusivity than that of 
methane. Hydrogen’s *lower density creates a higher bulk velocity of gases upward and 
hydrogen’s higher diffusivity distributes the gases more rapidly than does methane. So 
even though both pipelines are losing gases at equal energy flowrates, the volume of 
combustible gases produced by hydrogen is considerably less than that produced by 
methane. 

CONCLUSIONS 

1. 

2. 

The majority of residential leaks tested, including those removed from field service, 
remained in the laminar flow regime for premise fuel line pressures. 
For residential fuel leakage rates low enough to produce homogeneous mixtures in 
the room, propane produces a combustible mixture slightly before hydrogen while 
methane requires a larger time period than hydrogen to produce a combustible 
mixture. 
For residential fuel leakage at flow rates large enough to produce appreciable fuel 
gas concentration gradients propane produces larger combustible fuel clouds more 
quickly than does methane. Methane produces larger combustible fuel clouds more 
quickly than does hydrogen. 

4. Kitchen geometry has little effect on the relative rates of fuel cloud production. 
5. For all pipeline geometries investigated to date methane produces larger 

combustible fuel clouds more quickly than does hydrogen. 
6. The computer model has made verifiable predictions of combustible gas cloud 

growth for a hydrogen gas flow rate of 1 SCFM (28.3 Vmin) and a methane gas flow 
rate of 0.3 SCFM (8.50 Vmin). 

3. 

FUTURE WORK 

The following is an outline of future work: 

1. Topics for computer modeling. 
a. Underground leakage of fuel gases. 
b. Venting and flaring of fuel gases. 
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II. Study of effects of research on standards, regulations, and guidelines: 
a. 

. b. 

Though 1 

governing pipelines: 
1. Pipeline first fill and purging. 
2. Exclusion zones for pipelines. 
3. Compression building location. 

1. Compressor station shutdown. 
2. Venting liquid hydrogen containers. 

governing venting and flaring: 

ie investigation of underground gaseous fuel ,dakage is listed as a computer 
study, it may prove necessary to do a sizable portion of the work experimentally. 

The computer modeling of venting and flaring would be conducted to form the basis for 
an analysis of existing standards, regulations, and guidelines governing venting and 
flaring. Changes; if necessary, to those standards, regulations, and guidelines could be 
proposed based on that analysis. 

The study of standards, regulations, and guidelines governing pipelines would address 
filling and purging first because hydrogen's high diffusivity may produce problems greater 
than those currently encountered. Likewise, the locating of compressor buildings and 
exclusion zones may change. 

The study of venting and flaring is a natural extension of our present studies of fuel gas 
cloud motion, flame arrestors, and surface ignition of gaseous fuels. 
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Figure 4. Kitchen E3 after 12 minutes, hydrogen lean limit 4.1% 
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Figure 9. Verticat hydrogen leak at 50 SCFM (1,415 I/min) 

252 



Figure 18. Vertical methane leak at 15 SCFM (425 I/min) 
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, Figure 11. Vertical hydrogen leak with downwind wall 



Figure 12. Vertical methane leak with downwind wall 
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Figure 13. Vertical hydrogen leak at 1000 SCFM (28,317 I/min) 
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Figure 14. Vertical methane leak at 300 SCFM (8,495 I/min) 
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NONCLASSICAL POLYHDRI'DE METAL COMPLEXES 
AS HYDROGEN STORAGE MATEXIALS 

Craig Jensen 
Department of Chemistry J 

University of Hawaii at Manoa 
Honolulu, Hawaii 96822 

Abstract 

An alternate class of metal hydrides, nonclassical polyhydride metal complexes, is being 
developed as hydrogen storage materials. We have synthesized and characterized novel 
cobalt group nonclassical polyhydride complexes of the formula: MH,CL,,(H2),(PR,), 
(M = Co, Rh, Ir; R = C6H5, C6Hl1, C(CH& CH(CH,),; a = 1-2, b = 1-2, c = 1-3, d = 
2-3). We have established these complexes undergo a rapid and highly reversible loss of 
H2 in solution by as well as in the solid state. Through variable temperature 'H and 31P 
NMR as well as FTIR spectroscopy we have established that the kinetics of the 
reversible loss of H2 from these complexes can be fine-tuned by small changes in the 
ancillary ligands. Extended Hiickel calculations have been carried out on 2 which provide 
a theoretical basis for the effects of the ancillary ligands. Inelastic neutron scattering as 
well a solid state '€3 NMR spectroscopic studies indicate that the rotation barrier of the 
H2 ligand in 2 is less than 2 kcal/mol, indicative of preservation of a very significant 
degree of H-H bonding and thus a weak interaction between the hydrogen and the metal 
center. Solid state 'H and 2H NMR experiments with selectively deuterated samples of 1 
have verified the presence of a coordinated dihydrogen ligand with a maximum H-H 
bond distance of 1.0281 and indicate unusual metal hydrogen'bonding. Novel iron and 
ruthenium hydride complexes which are stabilized by cyclopentadienyl ligands have been 
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synthesized in order to development analogous iron complexes containing up to 7.8 
weight per cent hydrogen. The complex, Fe( s-Cs(C6H5)4]H[P(CH3)3] has been 
characterized by both 'H and 31P NMR spectroscopy as well as through single crystal 
X-ray diffraction. 

INTRODUCTION 

A major concern in the development of hydrogen as a fuel is the problem of hydrogen 
storage. Hydrogen has traditionally been stored as a compressed gas or cryogenic liquid. 
The disadvantages of cylinder storage are the extreme pressure, weight, and volume 
requirements. Storage of hydrogen as a cryogenic liquid is unattractive due to the 
requirements of extremely low temperatures and high consumption of primary energy. 
Additionally, both of these traditional storage methods entail considerable safety risks. 
Solid hydrogen storage system based on metal hydrides are safer and require far less 
volume than either high pressure or cryogenic storage systems. Unfortunately, the metals 
and alloys which reversibly bind hydrogen at adequate rates, generally form hydrides 
which contain less than 1.0 weight per cent hydrogen. As a result, the weight of 
hydrogen storage systems based on traditional metal hydrides severely restricts their 
practical application [ 11. Although alloys such as iron-titanium have shown acceptable 
kinetic behavior and can attain up to 2.0 weight per cent hydrogen, their utilization for 
hydrogen storage is extremely limited due to other problems such as high sensitivity to 
impurities [Z]. Metals and alloys may eventually find limited commercial hydrogen 
storage applications, but it would appear that a new dass of materials must be developed 
to allow utilization of hydrogen as an energy carrier. 

We are developing an alternate class of metal hydrides, nonclassical polyhydride metal 
complexes, as hydrogen storage materials. Polyhydride metal complexes with relatively 
high hydride weight percentages have been known for many years. However, classical 
polyhydride complexes generally undergo irreversible dihydrogen elimination. Recently, 
a new class of metal hydride complexes in which hydrogen bonds to the metal center 
while retaining a sigmficant amount of H-H bonding have been recognized [3]. In most 
cases, these nonclassical hydride or molecular hydrogen complexes have been found to 
undergo complete and reversible loss of H2 under mild conditions. 

Classleal Hetai 
Hydrld8 Complrx 

Nonclassical (f?oletulat 
Hydrogen) Complex 

In our laboratory we have synthesized and characterized novel cobalt group nonclassical 
polyhydride complexes of the formula: ~Cl,(H2),(PR,), (M = Co, Rh, Ir; R = C& 
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C6Hll, C(CH,),, CH(CH,),; a = 1-2, b = 1-2, c = 1-3, d = 2-3). When these complexes 
were initially isolated, they displayed very unusual spectroscopic properties. Our early 
efforts were concerned with establishing that the properties were due to the rapid 
equilibrium seen in equation 1. Last year we reported on our studies of the rapid and 
highly reversible loss of H2 fiom these complexes both in solution by variable 
temperature 'H NMR spectroscopy as well as in the solid state by infrared spectroscopy. 
During the past year we have continued our studies of the reversible elimination of H, 
from the prototypical iridium complexes. We have refined our solution NMR studies 
such that we have now determined the barrier to H, elimination for one representative 
complex by both 'H and 3'P NMR spectroscopy. The rapid kinetics of the reversible loss 
of H2 from these complexes is exceptional among metal hydrides in general. The ability 
of these complexes to undergo complete loss of H2 without application of a high vacuum 
system is quite remarkable and demonstrates the high potential of metal complexes of 
this type as hydrogen storage materials. Furthermore, we have found that the kinetics of 
the reversible loss of H2 from these complexes can be fine-tuned by small changes in the 
ligands. Thus materials of this me could be tailored to maximize their utility to a 
variety of energy carrier applications. 

The nature of the metal-dihydrogen bond in the nonclassical hydride complexes has been 
a point of considerable interest and controversy [3,5,6]. Elucidation of these interactions 
has increased the fundamental understanding of the formation of metal hydrides as these 
compounds represent the early transition state along the reaction coordinate 
corresponding to the formation of a hydride complex. Unlike many other reported 
nonclassical polyhydride complexes, our complexes can be isolated and have therefore 
attracted the attention of research groups around the world. In the past year, we have 
entered into collaborative research projects involving: inelastic neutron scattering with 
Dr. Juergen Eckert of Los Alamos National Laboratory; extended Hiickel calculations 
with Dr. OdilC Eisenstein at the UniversitC de Paris-Sud, France; and solid state NMR 
spectroscopy with Prof. Kurt Zilm of Yale University. These collaborations are leading 
to a significant advance in the fundamental understanding of the metal hydrogen 
interaction in these complexes while at the same time providing independent verification 
of the low kinetic barrier to H, elimination. 

Attempts to prepare analogous nonclassical hydride complexes stabilized by relatively 
low molecular weight phosphines lead instead to the isolation of complexes which 
contain one or more additional phosphine ligands and no available coordination site(s) 
for H2 ligands. Thus while our phosphine containing complexes serve as excellent 
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models on which to test the effects of ligand environment on hydrogen binding, we 
believe this class can be eliminated as potential hydrogen storage materials as hydrogen 
binding occurs only in complexes of low percentage available hydrogen content. In the 
past year we have begun synthetic efforts to prepare a new class of nonclassical 
polyhydride complexes. The targeted iron complexes are stabilized by an 
17 '-cyclopentadienyl ligand. The low cost and relatively low molecular weight of iron as 
well as the cyclopentadienyl ligand make these iron complexes especially attractive 
candidates as hydrogen storage materials. These should have the same desirable kinetic 
properties as the cobalt group phosphine complexes while containing greater weight per 
cent available hydrogen content. 

RESULTS 

Iridium Nonclassical Polyhydride Complexes 

We previously reported the reversible elimination of H, from the iridium dihydrogen 
complexes could be observed in solution by variable temperature 'H NMR spectroscopy 
and in the solid state by infrared spectroscopy [4]. In the past year, our studies of these 
complexes have focused on the effects of ligand environment on the dynamics of 
reversible H2 binding. Our goal has been to determine the steric and electronic effects 
of the ligand environment on the energetics of binding of H,. We have continued to 
investigate this phenomenon by variable temperature solution 'H NMR and solid state 
FTIR studies as well as variable temperature {lH} 31P NMR spectroscopy. 

{lH} 31P NMR spectra of a sample of IrClH2(PP+3)2(H2), 1, under 0.5 atm of H2 in 
tOlUene-d8 are shown in Figure 1. These spectra show the same pronounced temperature 
dependent trends in the equilibrium position between 1 and the unsaturated complex 
IrClH2('PPri3)2, 2, as were observed in the 'H NMR studies. At room temperature a 
broad ( Rl,, = 30 Hz) resonance is observed at 43 ppm. As the temperature is lowered, 
the resonance is seen to broaden due to the slowing of the exchange process until the 
coalescence temperature of -25'C is reached. Below -25"C, separate resonances are 
clearly observed for the equilibrating species 1 and 2 at 37 and 53 ppm respectively. The 
resonance seen for 1 continues to sharpen with decreasing temperature while the 
resonance for 2 is seen to sharpen only to -7O'C and then begins to broaden again. This 
second broadening may be due to the reversible coordination of the toluene solvent. 
Reversible coordination of solvent may also be responsible for the unexplained variable 
temperature NMR spectra which have been reported for toluene-d, solutions 
IrHC1,(PPri,)2 under 1 atm of argon 171. This interpretation is consistent with the 
observation of significant D/H exchange between the metal bound hydrogen of 1 and the 
toluene-d, solvent within 24 h of standing at 25OC. Similar D/H exchange occurs in 
both CD2C1, and m - d ,  solutions of 1 within 24 h of standing at 25OC. Our solid state 
FTIR studies indicates that the room temperature 1/2 equilibrium lies much more in 
favor 1 in the solid state. The vigorous release of H, which occurs when 1 is dissolved 
under 1 atm of H, also demonstrates the large shift towards 2 in solution. The 
difference between the solution and solid state equilibrium position is highly suggestive 
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of the stabilization of 2 through solvent interactions. 

Our solution NMR studies show there is little or no steric contribution to the kinetic 
barrier to H2 binding by IrClH,(PR,),(H,) when R is either Pr' and Cy (cone angle 162' 
and 170' respectively). However, when R = But we observe a significantly higher kinetic 
barrier to H2 binding and ascribe this to the increased steric constraints (cone angle 
182') of this derivative. We have also found that the degree of activation of H2 at a 
metal center is highly sensitive to the ligand electronic environment. For example, 
Ir(PP#3)2H3 contains five classical hydride ligand@] while our monochloro complex 
IrClH2(PPr'3)2(H2) and the dichloro complex, IrClH2(PPf3),(H2) [7], contain a 
dihydrogen ligand. Furthermore, there is a much stronger dihydrogen-metal interaction in 
our monochloro complex than in the dichloro complex. 

One goal of our studies is to determine the origin of the relationship between the extent 
of chloride substitution and the activation of coordinated H2 at the iridium center. As 
part of a collaborative effort, Dr. OdilC Eisenstein of the UniversitC de Paris-Sud has 
performed extended Hiickel calculations on 1 using parameters from our X-ray structural 
data 141. These calculations indicate that unlike other nonclassical polyhydirde 
complexes [SI, the H2 ligand o f 2  is not stabilized by the &s hydride. Thus, the 
destabilization of the dihydrogen ligand upon substitution of hydride by chloride is not a 
result of the decreased donor strength of the chloride ligand but arises from a 
destabilizing influence of a chloride lone pair on the metal-H20* interaction. In light of 
this possibility, we are studying how the stability of the dihydrogen ligand is effected by 
substitution of the chloride ligand with other halides. This result underscores that the 
kinetics of the reversible loss of H2 by nonclassical polyhydride can be fine-tuned through 
adjustment of the ancillary ligands in the complex. 

In collaborative research projects with Prof. Kurt Zilm of Yale University and Dr. 
Juergen Eckert of Los Alamos National Laboratory, we are studying the dynamic 
behavior the H2 ligand of 1. Dr. Eckert has developed expertise in dete&ng such 
barrier heights through inelastic neutron scattering experiments [lo] while Prof Zilm is 
able to determine the rotation barrier of the H2 ligands through variable temperature 
solid state 'H and 2H NMR spectroscopy [ll]. Our premise is that the stronger the 
metal-H2 interaction, the greater the H2 rotation barrier. Thus far, the results of both 
studies indicate that the rotation barrier of the H2 ligand i n 2  is less than 2 kcal/mol the 
lowest determined for a nonclassical polyhydride complex to date. This very low rotation 
barrier is indicative of preservation of a very significant degree of H-H bonding and thus 
a weak interaction between the hydrogen and the metal center. Additionally, solid state 
'H and 2H NMR experiments with selectivly deuterated samples of 1 have verified the 
presence of a coordinated dihydrogen ligand with a maximum H-H bond distance of 1.02 

NMR on a single crystal of the selectively deuterated complex IrClH,[P~D,),], which 
was prepared in our laboratory. The crystal was sealed in a glass tube under an 
atmosphere of hydrogen and mounted with the symmetry axis of the monoclinic crystal 
aligned with the tube axis. These spectra indicate that the dihydrogen and the hydride 
liquids are involved in a dynamic intramolecular exchange process in which the 

Additionally, Prof. Zilm's group has carried out variable temperature solid state 'H 
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dihydrogen ligand is comerted to two hydride ligands in concert with the conversion of 
the two hydride ligands into a dihydrogen ligand. Thus these studies appear to be an 
important contribution to the fundemental understanding of metal-hydrogen bonding. 

Nonclassical Polyhydride Iron Complexes Containing n-Ancillary Ligands 

This year we began synthetic efforts to prepare complexes stabilized by an 
$qclopentadienyl ligand. Preparation of complexes of the type, (n5-C5H5)Fe(H2),H, has 
been complicated by the general unavailability of iron hydride complexes containing one 
rather than two cyclopentadienyl ligands, so called "half-sandwich complexes." Recent 
results indicate [12] that "half-sandwich" iron hydride complexes can be obtained 
employing Fe(II)(acac), as a starting material. We are curently attempting to prepare 
the targeted iron polyhydride through the method seen below in Scheme 1. We have 
prepared the novel iron hydride "half-sandwich complex, Fe[q5-C5( C,H,),]H[P( CH3)31 
through the method seen in Scheme 2. This complex has been characterized by both IH 
arid 31P NMR spectroscopy as well as through single crystal X-ray diffraction. An 
ORTEP projection of the complex is seen in Figure 2. Additionally, several 
cyclopentadienyl iron complexes believed to contain multiple metal bound hydrogens 
have been prepared. However, the metal bound hydrogen in these complexes apparently 
undergo rapid intermolecular exchange and we have been able to unambiguously assess 
both the number or the dihydrogen vs hydride character of metal bound hydrogen 
ligands. These ligands on the analogous complexes of ruthenium would be expected to 
undergo slower intermolecular exchange and we have therefore sought to synthesize the 
ruthenium complexes as seen in Scheme 3. Preliminary 'H NMR studies show that 
protonation of the diruthenium complex [ {qS-C?(CH3),}Ru(p - H2)2]2, methylene chloride 
solution under an atmosphere of hydrogen results in the formation of the desired 
nonclassical polyhydride complex as seen in Scheme 3. We are 4rrently in the process 
of characterizing this product through multinuclear NMR spectroscopy. 
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A(ZI"VAm CARBON BASED STORAGE SYSTEM 

James A. Schwarz 
Department of Chemical Engineering and MataiaIs Science 
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The implementation of hydrogen in our energy infrastructure involves three major critical 
technologies: generation-storage-conversion. The interrelationship betweeq hydrogen production, 
storage, and power system technologies is strongly dependent on application. However, a 
common factor that prevades any end use is the loading and unloading properties of the storage 
medium. Each end use places c e d n  demands on the hardware and software required for this 
sub-system's design. This report examines critically our strategies for desigQ and operation of 
the Syracuse Hydrogen Storage Process Development Unit. 
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Introduction 

The importance of having a data base from which the thermodynamics of hydrogen adsorption 
on activated carbons can be obtained is apparent. Heat effects during charging could be evaluated and 
appropriate heat exchangers, if necessary, could then be incorporated in actual storage systems. 
Furthermore, from such a data base, predictive isotherms which allow one to assess storage at any 
temperature or pressure, can be obtained. 

The design of an activated carbon storage module was based on a predictive isotherm determined 
from our laboratory isotherm data. This module is positioned in what is known as the Process 
Development Unit (PDU). The PDU’s performance during loading and unloading is the central objective 
of our task. 

A. Experimental 

Adsorption experiments were performed at three temperatures using gravimetric techniques. 
Hydrogen (99.999% purity) obtained from MG Industries (Gas Products) was adsorbed on an activated 
carbon. The 
experimental details are described below. 

A Cahn-1000 high pressure electrobalance was used to record adsorbed amounts. 

About 100 mg of sample was placed in a pyrex pan in the balance and evacuated to 104 TOK. 
A small amount of helium was introduced, and the system was heated overnight to remove adsorbed gases 
and impurities. The sample was considered clean when a constant weight reading was achieved. The 
balance was evacuated again, and data for hydrogen uptake were taken. Hydrogen was passed through 
a de-oxo unit and liquid nitrogen traps for further purification before being introduced into the bdance. 
Equilibrium weights at any pressure were reached within 5 min. For these experiments, only the sample 
side could be cooled, and thus, buoyancy corrections were applied, based on blank experiments, to obtain 
absolute weights. 

The temperatures used were 78,84.5, and 91 K. The first of these is obtained just by submerging 
the sample side of the balance in a liquid nitrogen-containing dewar. The other two temperatures were 
obtained by means of overpressurizing the liquid nitrogen with cold helium gas. From a practical point 
of view, it is more convenient to use helium as the overpressure gas instead of nitrogen. 

Results and Discussion 

The methodology of data reduction is described below. 

A convenient method to describe experimental isotherms at different temperatures is to use a 
virial-type thermal equation of adsorption which is written in the following form 

“1 ‘ “ 2  

T is0 
I n p = - C  ’ clivi + C J ~  + In v 

where V, p and T are amount adsorbed, pressure and temperature, respectively, and cji are empirical 
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Qst, & written below, is temperature invariant 

parameters. This equation was derived under the assumption that in the limited range of temperatures, 
adsorption isosteres are linear, which is equivalent to the assumption that the isosteric heat of adsorption, 

(2) 

The linearity of adsorption isosteres in an experimental interval of temperatures is, in fact, the 
common basic assumption for the calculation of isosteric heats from adsorption data. 

Figure 1 presents isotherms for hydrogen adsorption on the carbon at 77, 84.5 and 91 K. The 
line connecting the points were determined using the thermal virial equation described above. The fits 
are excellent. Figure 2 shows contours of adsorbed amount as a function of pressure and temperature, 
as determined from the predictive isotherm. 

The knowledge of the temperature dependence of adsorption enabies one to study the 
thermodynamic properties of the adsorption system. The apparent isosteric heat of adsorption, Qst, which 
is the fundamental thermodynamic quantity of adsorption, can be readily derived from equation (2), and 
it takes the following form: 

This quantity was evaluated from the data, and its value in the limit of very low coverage of 
hydrogen was found to be 6.5 Idlmol. This low value precludes any significant heat effects during 
hydrogen charging of scaled-up storage beds. 

C. Activated Carbon Storage Module 

Our containment vessel is a 6061-T6 aluminum liner with outer carbonlepoxy filament winding 
that was capable of 3500-psig burst pressure. The ends are domed with a port on each end. The 
aluminum liner prevents the hydrogen from leaking through the composites, and also acts as a winding 
mandrel. In addition, the liner ends are machined to become ports for gas inlet/outlet and 
instrumentation. A vessel of this particular design has a specific volume of approximately 200-in3/lb (1.5- 
cm3/g). 

It was shown that for each cubic inch (16.4 cm3) of activated carbon at 150°W55-atm, 0.23-g of 
hydrogen can be adsorbed. Based on experimental electric vehicles that can achieve 200-240 miles on 
50-kwh of energy, that energy demand would translate to 1300-g of hydrogen using a 65% efficient fuel 
cell. A composites storage tank, with the dimensions 13"D x 44"L would hold sufficient carbon to adsorb 
this quantity of hydrogen. The cylinder would weigh approximately 39-lbs (18-kg) with carbon and 
hydrogen. 

A typical sheet metal tank plus sufficient gasoline for the same size car to travel 220-miles (350- 
km) would weigh close to 100-lbs (45-kg), while the hydrogen storage tank with carbon and hydrogen 
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would weigh less than 60-lbs (27-kg). As a side note, a graphite composites tank to contain 1300-g of 
compressed gaseous hydrogen at 3000-psig (204-am) at 25°C with a burst pressure of 12,000 psi (816- 
atm) would require a tank weighing approximately 65-lbs (29.5-kg). 

A hydrogen/carbon/composites fuel system for a car, bus or truck will require the following: 

a. 

b. a fueling system, 

C. 

d. 

Items b and d can be described in general terms as loading and unloading. 

composites fuel vessels with thermal insulation, 

active cooling to maintain H,/carbon at 150°K (-123"C), and 

a computer to regulate H, 10 the power source. 

Loading 

The "charging" step involves all the process flow conditions and carbon-bed characteristics. The 
"charged" vessel needs to ultimately maintain a hydrogen gas pressure of 55 atm in the storage bed 
together with a bed temperature of 150 K. The cooling of the bed from room temperatures to 150 K is 
achieved by direct contact of a precooled stream of hydrogen with the bed. Cooling of the gas is achieved 
by a liquid nitrogen heat exchanger. The flow rate of gas does impact upon the exit temperature of the 
hydrogen from the heat exchanger. It is important to determine the optimum values of flow rate and exit 
temperature. This optimum set of values of flow rate and exit temperature will be related to a time 
parameter as well. The length of time it takes to cool the entire bed down and also to achieve the desired 
amount of storage capacity will be dictated by the flow rate condition. 

When the optimum condition of the flow and temperature is coupled with the carbon bed, a more 
complex situation arises. Adsorption of hydrogen will occur as the gas flows through the bed, and this 
phenomenon will greatly determine the characteristics of the bed. By "characteristic", we mean the 
temperature profile of various points in the bed and also the rate of adsorption in the bed with time. It 
is conceivable to think of changing values of gas flow rate and temperature at the exit part of the bed 
since adsorption and cooling phenomena take place simultaneously. 

A make-up gas stream will have to be added to the exit gas from the carbon bed. How much will 
be added is not known a-priori. This make-up will also change the temperature of the incoming gas to 
the heat exchanger which will in turn lead to a new optimum exit temperature. 

Since adsorption is a temperature driven process, it is important to consider temperature effects 
within the bed. Some amount of heat will be generated in the adsorption process, and, small though it 
may be, it will be necessary to determine its impact on the flowing gas. It is expected that the gas 
downstream of the bed will be warmer than the upstream gas. This will ultimately impact upon the 
adsorption process of the hydrogen gas. Consequently, high flow rate may not necessarily result in a high 
adsorption rate. 

. It can be seen that the aforementioned parameters are so inter-related that conditions for every 
circulation of gas will be different. The cooling rate of the bed (via six thermocouples) will furnish 
information of the flow path of the gas in the carbon bed. An overall optimum condition of flow rate and 
exit temperature may not be achieved. What can be achieved and will be obvious is a set of optimum 
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conditions of flow rate and exit temperature as a function of time. 

unloading 

A discharge step is required whenever hydrogen is needed for use. The discharging step is related 
to the recovery of hydrogen. Lowering the vessel pressure by opening the valve will reduce both the 
amount of gas adsorbed on the bed and that found within the void space of the bed. This process is 
diffusion controlled; consequently, the length of time required for discharging becomes an important 
parameter. The process described above is known as "pressure swing." 'phis could be combined with 
what is known as temperature swing. Temperature swing requires heating the bed so that more gas can 
be desorbed in a fixed time period thus leading to a quick recovery of the gas. Since the heating pattern 
differs from the cooling pattern, the bed-temperature characteristics upon heating need to be determined 
in order to have optimum control of the discharging process. 

One is constrained by the fact that a recharging process will take place after the discharging step. 
It is, therefore, important to determine an upper temperature limit for the temperature swing, since a 
cooling step is required in the subsequent charging process. To what pressure level should the system 
be lowered and to what temperature level should it be raised while achieving the required recovery of the 
gas is a fundamental question. 

Operationally, the Ioading and unloading of this activated carbon based hydrogen storage system 
requires both fuel management hardware and software. The algorithms we will and have developed can 
be easily adapted to any system employing hydrogen as a fuel. The general elements of each management 
sub-system are described below. 

Fuel Management Hardwe 

Since hydrogen is in its condensed phase under pressure in the vessel, there are two parameters 
that govern its release. One is to reduce the internal pressure, and the other is to warm the carbon or the 
container. By properly controlling these two parameters, the adsorbed hydrogen can be released at the 
optimum rate with minimum hazards. 

Thermal isolation and gas sealing are the two main concerns in flow control hardware. The 
temperature of the inner vessel will be -123°C and can be up to 50°C at the outlet fittings if all insulation 
is removed and exposed to warm ambient conditions. According to most gas instrumentation 
manufacturers, additional development work would be required to upgrade their systems to operate safely 
with hydrogen. 

In addition to valves, regulators, pressure transducers, and thermocouples, the fuel management 
system will also include some form of active cooling for the stored hydrogen or the vessel itself. One 
option is to circulate a small quantity of hydrogen through a cooler, and then through the vessel to absorb 
any thermal energy gained from the various possible outside heat sources. Another method to cool the 
vessel and its contents is to encase the inner vessel in cooling coils in a helical fashion that would be able 
to maintain the necessary cold temperatures. The outer vacuum jacket will still be needed, however. 

Fuel Management Sighwe 

This software will monitor the ambient conditions and system conditions. This software will 
essentially control all the functions to insure safety and desired performance. 



Generally speaking, the computer system will perform the following: 

0 Maintain the necessary conditions within the fuel vessel assembly by regulating the 
temperature and pressure as required to provide gas unloading. 

0 Regulate the power source to provide the energy demand. 

0 Control the cooling system for the vessel. 

Future Work 

The Program Plan fo? Storage Research and Development for FY 93-94 would include all the 
elements outlined in this report. Application to any prototypical power source, where the end use for the 
hydrogen is the energy carrier, will require the development of the interfacial parameters for its delivery. 
This unloading step is inherently linked to the loading of hydrogen and must be optimized to achieve the 
most compact, safe, and reliable prototype. 
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Figure 2 - Adsorbed amounts as a function of temperature and pressure 
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Abstract 

The current status of the hydrogen storage work at the Florida Solar Energy Center is discussed in this 
paper. The synthetic strategy has been modified as a result of earlier work. The modified procedure has 
had the added benefit of making the process more efficient and allows the use of a wider range of 
dopants. To date, nickel, palladium, iron, aluminum and lanthanum have been added to the basic, 
chemically prepared magnesium hydride. The rationale behind the current process, as well as the results, 
is discussed. Future direction of the work, with emphasis on a material having a lower thermodynamic 
stability, is given. 

Introduction 

A major obstacle in the road to a hydrogen economy is the development of a practical hydrogen storage 
system. A viable system must have a low weight density, a high hydrogen density, be safe and 
economically feasible. Gaseous hydrogen requires the use of extremely heavy cylinders and, even at very 
high pressures, has a low hydrogen density. LiquiIl hydrogen gives a higher hydrogen density but 
requires cryogenic temperatures and a great deal of the gas is lost due to continuous boil off. 
Additionally, both gaseous and liquid hydrogen suffer from a perception of being unsafe. A third 
alternative, metal hydrides, overcomes many of these problems, although additional ones are introduced. 
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The requirement of high hydrogen density and low weight density still exist but now one must also be 
concerned with the temperature necessary for release of the hydrogen and the kinetics of that release. 
Some authors (Nachman and Rohy, 1981) estimate that to be fully compatible with current internal 
combustion engines, the hydride must have a dissociation temperature of 200 "C or lower. Although no 
hydride currently exists that satisfies all the requirements, research at the Florida Solar Energy Center 
(FSEC) has centered around hydrides of magnesium because magnesium is very light weight, inexpensive 
and plentiful. Traditional metallurgically prepared magnesium hydride contains 5 - 6 wt% hydrogen 
(theoretical is 7.6 wt%) but the kinetics of release are far too slow to be of practical value. Also, 
capacity and kinetics deteriorate after only a few cycles. A problem of equal magnitude is the high 
thermodynamic stability of MgH that results in a dehydrogenation temperature of 280°C. Numerous 
researchers have attempted to decrease this stability (and, thus, the dehydriding temperature) by alloying 
the magnesium with nickel and other transition metals. An extensive summary of such work is presented 
in the Solar Turbines paper (Nachman and Rohy, 1981) mentioned above. However, all of this work was 
done using a metallurgical approach. 

In the early 198O's, researchers (Bogdanovic, et.al, 1980) at the Max Planck Institute in Germany 
developed an exciting new process for the chemical synthesis of magnesium hydride under mild 
conditions (60 "C and 80 atm.). The resulting hydride was shown (Bogdanovic, 1985) to be far superior 
to those prepared by the traditional methods. To further improve upon the method, Bogdanovic (1985) 
developed a method for the addition of catalytic amounts of transition metal dopants. The doped hydride 
exhibited kinetics equal to those achieved by magnesium-nickel alloys, while maintaining the high 
hydrogen content of the pure magnesium hydride. 

FSEC Research 

It was with the knowledge of the extensive research conducted by others that FSEC entered the hydrogen 
research arena three years ago. We were quickly able to ascertain that the method reported by 
Bogdanovic was completely reproducible and did, in fact, result in a hydride that was far superior to 
those produced by other methods. The increase in kinetics as a consequence of the method of production 
were especially interesting. It was assumed to be a surface phenomena as the surface area had been 
shown to be 129.4 m2/ g, compared to the 6 m2/ g reported by other researchers (Eisenberg, et. al, 
1980). 

Believing that understanding the reason for the increase in kinetics and surface area would allow us to 
make further modifications, our first approach was to examine the surface morphology by scanning 
electron microscopy. At a magnification of 10,000~ it was obvious that the surface of the hydride 
particles were covered by spheroidal beads (fig. 1). At 15O,OOOx, it was further observed that these 
beads were covered with even smaller beads (fig. 2). It appeared that the hydride particles had formed 
in a fractal-like configuration. A fractal-like configuration would obviously result in an increased surface 
area and this increased surface area should increase kinetics but to confirm this, we developed a 
mathematical model (Zidan, et. al, 1991) to determine the surface area of particles having this 
configuration. The model predicted the increase in surface area would be three orders of magnitude, in 
agreement with the values reported. 

Attributing the increased kinetics to the increased surface area is reasonable if one assumes that the rate 
limiting step in the hydrogenation/dehydrogenation process is the diffusion of the hydrogen through the 
bulk material (Selvam, et. al, 1986). The unusually high surface area results in the distance that each 
H - must diffuse being shorter and, therefore, diffusion can occur more quickly. This is supported by 
the results of our mathematical model. 
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Having observed the fractal-like configuration of the hydride, we considered the cause of it. Going back 
to Bogdanovic's (1984) description of the process seemed to give the answer. He explained that the 
magnesium reacts with anthracene, which is added in catalytic amounts, to form magdsiurn anthracene. 
Upon the addition of hydrogen, the magnesium anthracene forms magnesium hydride, releasing the 
anthracene to further react with more of the remaining magnesium. This iterative process, we believe, 
leads to the configuration observed under the SEM. 

Consideration of this information led us to modify the method we had been using. Up to this point, we 
had been applying our dopants to the prepared hydride. This increased the kinetics of the subsequent 
hydriding/ dehydriding cycles but one of our primary concerns has been the temperature required for the 
hydrogen release. Much research has been done on hydrides of alloys and has resulted in storage 
materials that have lower hydrogen release temperatures (table l), but with a loss of storage capacity. 

Table 1 e Dehydriding Temperature and Hydrogen Content of Various Mg Alloys 

All of these hydrides were formed by either melting the metals together or by mechanically alloying 
them. It occurred to us that, perhaps, by alloying chemically, we could achieve the same lowered 
thermodynamic stability at lower levels of additional metals. Because of the iterative method of hydride 
formation, we felt that adding the "dopant" after the formation of the initial magnesium anthracene, but 
before carrying our the hydrogenation, some of the dopant would become entrained in the bulk of the 
hydride and, thus, result in an alloy. 
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Results and Discussion 

The most immediate result of changing the procedure was added simplicity and a wider range of dopants 
that were available. Previously, the hydride was synthesized, filtered from solution and placed in a 
higher boiling solvent for the doping process. Now it became possible to do the two processes 
simultaneously, reducing both expense and time. Additionally, because we were using thermal 
decomposition of an organometallic as the method of depositing the dopant, only transition metals existing 
in easily decomposed compounds could be readily used. By using hydrogen reduction of the organic 
portion of the molecule, there was a wider range of materials from which to choose. 

The frrst dopant to be added in this manner was nickel since it was the one that we had already used for 
the two step process. The procedure was accomplished readily but characterization by our standard 
procedure (Raissi, et. al, 1990) indicated that the material was identical in both kinetics and release 
temperature with that prepared in the two step process. While this was not the result we had hoped for, 
it was certainly not bad news. We had, at least, established that we could effect the doping in this more 
efficient manner. 

We then proceeded to repeat the procedure using palladium, lanthanum, aluminum and iron. In each 
case, the resulting hydride had better kinetics (figure 3) than the undoped material but each also had an 
identical release temperature (figure 4). However, in all instances the dopant was added at a level to give 
between one and five weight percent of the metal of interest. Because the initial results with lanthanum 
had indicated some promising behavior (later determined to be an artifact of the heating rate), it was 
decided to repeat the synthesis using 10 wt. % lanthanum. Unfortunately, because anhydrous lanthanum 
organometallics are expensive and difficult to make, the lanthanum acetylacetonate used contained waters 
of hydration. Because all of these synthesis reactions are very moisture sensitive, the reaction was 
poisoned. 

Future Direction 

While magnesium hydride is kinetically compatible with an I.C. engine, there is widespread belief that 
cars of the future will be powered by fuel cells. This possibility makes the lowering of the 
thermodynamic stability of the hydride the single most important goal for our research. We believe that 
the current procedure is a reasonable, valid approach to the formation of hydrided alloys. However, the 
time has come to establish it definitively. Although the expense would make it prohibitive to accomplish 
on a large scale, we intend to synthesize an alloy possessing the proportions of one of those listed in table 
1. We will then fully characterize the material in order to determine if the dehydriding temperature is 
the same as that listed for the traditionally prepared material. We will then proceed with a systematic 
attempt at lowering the amount of the second (and third) metal. This way, we can establish the optimum 
ratio to a have lower dehydriding temperature while maintaining the high hydrogen content. 

Short term plans also call for aqempting to hydrogenate some ailoys that are not known to form reversible 
hydrides when the traditional approach is used. Most specifically, it is our hope that the chemical 
approach will allow the synthesis of magnesium-aluminum hydrides, as well as others. A problem in 
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determining which alloys to hydride is largely a factor of the commercial availability of desirable alloys. 
There are many available that are high in nickel, lead or copper. However, these are either too heavy 
and/or to expensive to be practical. All alloys that we we will either be based upon magnesium, 
aluminum or a combination of the two. It is hoped that in the future, the funds will be available to 
assembel the necessary equipment to form our own alloys. This will allow us to systematically vary the 
content of the alloys. 

The magnesium hydride prepared via the chemical process is a storage compound having kinetics that are 
completely compatible with the requirements of the internal combustion engine. Assuming the problem 
of release temperature is overcome, it will be necessary to quantiQ several other parameters before the 
hydride can be used as a fuel source. These items include shelf life of the hydride in both hydrided and 
dehydrided state, and the heat effect during hydrogenation. 

Conclusion 

The goal of developing a hydrogen storage material has gained momentum and is progressing in an 
orderly, scientific fashion, Our new method of synthesizing magnesium based hydrides appears to be a 
viable approach to produce storage materials for hydrogen-fueled 1.C. engines. It establishes the 
possibility of forming many new and promising compounds. It is expected that with continued support, 
the processes developed can be used to create lower temperature hydrides for fuel cell prime movers. 
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Figure 1. SEM Micrograph of Magnesium Hydride, 10,000~ 
) 

Figure 2. SEM Micrograph of Magnesium Hydride, 150,000~ 
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