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FOREWORD

This Meeting was called by Dr. James H. Swisher, Chief
of the Chemical and Thermal Energy Branch, Division of Energy
Storage Systems at ERDA Headquarters, for the purpose of in-
forming Contractor personnel of the background, goals and
status of the work on hydrogen technology being sponsored by
the Division of Energy Storage Systems. The various program
presentations made by twenty-nine of the seventy-one partic-
ipants also provided an insight to the problems which pre-
sently limit applications. And, importantly, there was
ample opportunity for participants to discuss directly thelr
speclial program interests with others.

In addition to the twenty-nine manuscripts contained in
this Proceedings, there is a collection of Contractor Fact
Sheets in the Appendix. The Fact Sheet for each Contractor
provides pertinent information on the program including its
goals and status.

The Meeting was planned by personnel of Brookhaven
National Laboratory as part of its management role, dele-
gated by ERDA, for a major portion of the Chemical Energy
Storage Program. As Coordinator for this Meeting, I espe=
cially thank all persons who made presentations and thereby
contributed to the success of the Meeting. To Dr. Swisher,
and to Frank J. Salzano of Brookhaven, I express my appre-
ciation for their guidance in assisting with plans for the
Meeting. For their valuable assistance in handling the
many details associated with the Meeting, I thank Diane
Capuano and Mary-Faith Healey. Lastly, I am grateful to
Mary-Faith Healey for her detailed efforts on the Proceedings.

Plans for publication of the Proceedings were made in
advance so that the information would be available to the
public shortly after the Meetlng

Gerald Strickland,
Meeting Coordinator
Brookhaven National
Laboratory
Upton, New York 11973
- December 30, 1976

ii




TABLE OF CONTENTS
Page
Foreword ii

A. The Energy Storage Program

1. The Chemical Energy Storage Program in
Perspective,
James H. Swisher, ERDA Headguarters 1

2. Hydrogen Technology Development Program at
the Brookhaven National Laboratory,
Frank J. Salzano, Brookhaven National
Laboratory 6

B. Natural Gas Blending

l. Work of the Ad Hoc Committee Evaluating the
Use of Hydrogen as a Supplement to Natural
Gas,
George F. Steinmetz, Baltimore Gas and
Electric Company 11

2. Blending of Hydrogen in Natural Gas
Distribution Systems,
Carlos R. Guerra, Public Service Electric
and Gas Company 15

C. Electrolytic Hydrogen Production

l. Solid Polymer Electrolyte Water Electrolysis
Development Status for Bulk Hydrogen
Generation,
L. J. Nuttall, General Electric Company 19

2. Advanced Alkaline Electrolysis Cell Matrix
Development,
John N. Murray, Teledyne Energy Systems 29

3. Selection and Evaluation of Cell Materials
for Advanced Water Electrolyzers,
S. Srinivasan, Brookhaven National Laboratory 33

4. A Proposed Failure Mechanism of Asbestos
Separator Material,
Patrick Moran, University of Virginia 39

iii




Page

D. Systems Studies and Economics

1. Seasonal Energy Storage Requirements,
Thomas Goff, Institute of Gas Technology 45

2. Production Economics for Hydrogen, Ammonia,
and Methanol during the 1980 - 2000 Period,
Hampton G. Corneil, Exxon Research and
Engineering Company ‘ 53

E. Energy Storage and Conversion Systems

1. Development of a Practical Photochemical
Energy Storage System,
Richard R. Hautala, University of Georgia 59

2. The Metal Hydride HYCSOS System for Solar
Heating, Cooling, and Energy Conversion,
Dieter M. Gruen, Argonne National

Laboratory 65
3. Thermo-Chemical Energy Conversion and
Storage,
Arthur B. Ritter, Stevens Institute of
Technology 74

4. Conversion and Storage of Wind Energy as
. Nitrate Fertilizer,

Michael B. Dubey, Lockheed-California Co. 83
5. Engineering Studies with Metal-Hydride
Test Beds,
Gerald Strickland, Brookhaven National
Laboratory 87

6. The Hydrogen-Halogen Energy Storage System:
Preliminary Feasibility and Economic
Assessment,
S. Srinivasan, Brookhaven National
Laboratory 93

F. Thermochemical Hydrogen Production

1. The LASL Thermochemical Hydrogen Program:
Status on October 31, 1976,

Melvin G. Bowman, Los Alamos Scientific
Laboratory 100

iv




2. The Thermochemical Water-Splitting Program
at General Atomic, .
John Schuster, General Atomic Company

3. Analysis and Evaluation of Thermochemical
Hydrogen Producing Processes,
James E. Funk, University of Kentucky

4. The ZnSe Thermochemical Cycle,
Oscar H. Krikorian, Lawrence Livermore
Laboratory

5. Sulfur Cycle Water Decomposition System,
G. H. Farbman, Westinghouse Advanced
Energy Systems Division ‘

Metal Hydride Materials

1. Metal Hydride Materials Program at BNL -
Current Status and Future Plans,
James J. Reilly, Brookhaven National
Laboratory

2. The Engel-Brewer Correlation Applied to the
Formation of Metal Hydrides, ‘
Charles M. Adkins, University of Virginia

‘3. New Melting Techniques for the Production

of Hydriding Grade FeTi,
Gary D. Sandrock, International Nickel
Company, Inc.

Construction Materials and Equipment Behavior

1. Hydrogen Compatibility of Structural Mat-
erials for Pressure Vessels & Pipelines,
Harry J. Saxton, Sandia Laboratories,
Livermore

2. Study of the Behavior of Gas Distribution
Equipment in Hydrogen Service,
Walter Jasionowski, Institute of Gas

Technology

Page

106

112

118

123

129

137

143

149

154



Page

3. Hydrogen Embrittlement -~ the Effect of Stress
State,
M. R. Louthan, Jr., Virginia Polytechnic
Institute 161

I. Hydrogen for Vehicles

1. Automotive Hydrogen Storage with Magnesium

Hydride,
David A. Rohy, Solar Division of Interna-
tional Harvester Company 167

2. A Program for a Hydrogen-Fueled Industrial
Vehicle,
John Mehne, Teledyne-Continental Motors 171

J. Appendix

Contractor's Fact Sheets A1-A29




THE CHEMICAL ENERGY STORAGE PROGRAM
IN PERSPECTIVE

James H. Swisher
Division of Energy Storage Systems
Energy Research and Development Administration
Washington, D.C. 20545

Energy storage is a key element in energy systems for
which either the supply or the demand for energy is inter-
mittent. It is particularly important in the use of solar
energy, but utility, transportation, and other applications
sectors can also use energy more efficiently through effec~
tive use of storage technology.

ERDA's Energy Storage Program, first as a part of the
Division of Applied Technology in the AEC, and then as a
part of the Division of Conservation Research and Tech-
nology in ERDA, grew over a period of just a few years to
a division-size effort. In June, 1976, the Division of
Energy Storage Systems was formed with a budget for Fiscal
Year 1976 of $19M, including the transition quarter. If
the ERDA Authorization bill for FY 1977 1s passed without
change, the budget will be $31M. The corresponding budgets
for Chemical Storage are $3.2M in FY 1976 and $4.6M in
FY 1977. The other subprograms in the Division are Battery,
Electrochemical, Thermal, Advanced Physical Methods and
Appllications Analysis.

An effort is now being made by ERDA to make more effec-
tive use of laboratories in the field by the delegation of
project management responsibilities. Headquarfters per-
sonnel will set the policy, decide program priorities, for-
mulate budget submissions, allocate available funds, and
interface with the staff of OMB and Congress. Although
manpower growth in the Division of Energy Storage Systems
has not kept pace with program growth, every effort will be
made to maintain close communication with program partici-
pants so that our decisions are not made in isolation.

We will utilize the technical and managerial capabllities
of the national laboratories and other laboratories in the
field for program planning, technical monitoring and re-
lated project management functions within ERDA guidelines.

The projects in Chemical Energy Storage, most of which
are tied to Hydrogen Energy Systems, are subdivided into




two large groups, plus a small number of special projects.
The project elements in the two groups are listed in

Table 1. For "Electrolysis-Based Hydrogen Systems", the
lead organization is Brookhaven National Laboratory, and
for "Thermochemical-Based Hydrogen Systems", the National
Aeronautics and Space Administration, with the involvement
of the Jet Propulsion Laboratory, is the lead organization.

TABLE 1
PROJECT MANAGEMENT RESPONSIBILITIES AND
PROGRAM ELEMENTS FOR HYDROGEN ENERGY SYSTEMS
A. ELECTROLYSIS~BASED HYDROGEN SYSTEMS
Natural Gas Supplementation
Electrical Utility Load Levelling
Production via Electrolysis
Storage Systems
Hydrogen Occluder Materials

Systems Studies

B. THERMOCHEMICAL-BASED HYDROGEN SYSTEMS
Production via Thermochemical Cycles
Production via Advanced Concepts
Transmission and Distribution Systems

Containment Materials

Systems Studies




In Brookhaven's area of responsibility, the engi-
neering subsystems under development have potential for
industrial implementation in the near to intermediate time
frame. They also will provide the technology base in hy-
drogen occluder materials and storage components for hydro-
gen energy systems regardless of time frame for implemen-
tation.

In NASA's area of responsibility, the components and
processes under development are generally applicable to
the intermediate and long-term energy program. Technology
base responsibilities are mainly in containment materials
for hydrogen. In both project management areas, systems
studies will be included.

In the overall program plan, implementation of hydrogen
energy systems 1s considered to follow a stepwise scenario
with the following applications as the main thrusts:

e Natural gas supplementation.
e Storage of hydrogen for utilities load levelling.

e Industrial market for hydrogen both as a chemical
and as a fuel.

e Vehicular applications.

@ Direct substitution for natural gas in all sectors
where natural gas is used today.

For near-term projects, most of the effort is directed
toward the design, construction, and evaluation of engi-
neering prototypes. In the longer term projects, the em-
phasis is on identifying the pacing problems and working
toward their solutions. All applications depend very
heavily on improved hydrogen production processes. Approx-
imately half of the FY 1977 budget will be allocated for
hydrogen production projects.

There are a number of accomplishments in the Hydrogen
Program during the past year that should be highlighted.

® The Ad Hoc Committee for Hydrogen Supplementation of
Natural Gas was formed to judge the technical and economic
feasibility of adding approximately 10% hydrogen to our
natural gas pipeline system. Full implementation could




result in a 5% reduction in oil imports by 1985. A report
summarizing the Committee's recommendations is. now being.. .
prepared. . : : , : . S .

® Work was initiated on a hydrogen-halide electric
energy storage system for load levelling. A reversible
electrolytic cell, with hydrochloric acid as the electro-
lyte, combines the functions of the water electrolysis :
component and the fuel cell component in systems considered
previously. This system modification is expected to reduce
capital costs considerably. “

e Some promising cycles for the thermochemical pro-
duction of hydrogen from water have been identified. There
1s sufficient thermodynamic and kinetic data now available
to justify starting engineering development on a small
scale.

e The feasibility of using two hydride storage beds
in a closed loop process for building heating and cooling
applicatlions has been demonstrated. '

® A prototype hydrogen pipeline has been constructed to
evaluate structural steels and fabrication techniques
already studied in the laboratory. The beneficial effects
of coatings, liners, and gaseous inhibitors in minimizing
hydrogen damage to the steels are under investigation.

During the coming year, tentative plans have been made
to start new projects on underground storage of hydrogen
and on photochemical hydrogen production. An expanded
effort is planned on light weight hydrides and other hy-
drogen occluders for use in motor vehicles. Presently
our only sponsored project in this area is on the develop-
ment of magnesium alloy hydrides. Some consideration may
also be given to light weight hydride container materials
for transportation applications.

Thus far, no mention was made of activities in the
speclal projects category. One project on the storage of
solar energy in organic materials continues to show
promise. A reversible chemical change in the material
is the storage mechanism. Another special project is a
systems study of the feasibility of producing ammonia and
fertilizer from hydrogen produced by electrolysis. This
project was transferred from NSF to ERDA a few months ago.




" During the past year, two projects were transferred
from the Chemical to the Thermal Storage Program. Both
were in the area of heat storage and transmission in
- chemical heat pipes.

This summary of ERDA's progress in Chemical Energy
Storage last year and plans for the coming year should set
the stage for the remainder of this report in which
virtually all projects in the Chemical Storage Program
are described. ‘




HYDROGEN TECHNOLOGY DEVELOPMENT PROGRAM
AT THE BROOKHAVEN NATIONAL LABORATORY

Frank J. Salzano
Brookhaven National Laboratory
Upton, New York 11973

The Brookhaven National Laboratory has major project
management responsibility for that segment of the chemical
sBub-program, in ERDA's Division of Energy Storage Systems,
designated "Electrolysis-Based Hydrogen Storage Systems."

I will explain that program, the general scope of the over-
all effort, how the program is organized at BNL, as well as
how we will interact with industry, other research insti-
tutions, and universities interested in participating in
this program through BNL.

The ERDA Program Manager in this area is Dr.
James H. Swisher, Chief of the Chemical Storage
Branch at ERDA. The BNL Program encompasses the electro-
lytic production of hydrogen from all energy sources, stor-
age of hydrogen, delivery and utilization. This effort is
comprised of supporting work on research and development,
as well as related systems analysis. The management respon-
sibility includes the establishment of projected goals and
objectives in relation to ERDA's overall program goals.
BNL is responsible for the administrative and control func-
tions necessary to implement projects, as well as for carry-
ing out the liaison activities needed to encourage and
stimulate the cooperative efforts of private industry and
universities.

Brookhaven has a background in hydrogen technology
development which goes back at least ten years, and we will
continue to maintain a strong and relevant in-house program
in this area. As of last year, an increasing fraction of
the total BNL effort is being subcontracted. During FY 1976,
one third of the total funding available to BNL was sub-
contracted to industry and universities. The percentage of
the subcontract effort will approximately double in FY 1977,
and a further increase is expected in subsequent years.

The chart shown in Figure 1 lists the range of activities
in progress or to be completed in FY 1976.




Production
- Industrial development of advanced electrolysis processes, e.g., alkaline
. and solid polymer systems, involvement with IEA cooperative R&D program.

Storage
- Commercialization of metal hydride (MHX) H, storage.
- Identify conversion applications for MHx’ e.g., waste heat utilization,

heat pumps, etc.

Applications

- H2 for natural gas supplementation or industrial applications.
- Energy exchange between gas—electric systems.

- Electric-to-electric storage, e.g., H, - O2 and HCl electrolysis.

~ Utilization
- Fuel cell research and development, e.g., high~-temperature solid oxides,
_catalysts for low-temperature agueous systems.

Test and Demonstration
- HYTACTS (Hydrogen Technology Advanced Components Test Systems) .

Systems Studies
- Role of H2 in the U. S. energy system.
- Cost goals for energy-storage devices and impacts.

- Role and cost goals for fuel cells.

'Figure 1. Hydrogen Technology Program.’




A key objective of the program is the industrial devel-
opment of advanced electrolytic—hydrogen—production proces-
ses with the prime focus on solid-polymer and alkaline
electrolyte systems. At the present time there is no large~-
scale electrolytic equipment supplier in the U. S.; and it
is our objective to stimulate the establishment of this
technology within U. S. industry. Beyond national interests,
an effort is presently underway to initiate international
cooperative R&D programs in association with the Interna-
tional Energy Agency. Most of you who work in this tech-
nical area know about the efforts underway; I will be happy
to make information available to any interested party not
familiar with the work in progress.

In the area of hydrogen storage, BNL has emphasized
work on the metal-hydride storage of hydrogen. Work on
hydrogen storage will be expanded into the area of under-
ground storage of hydrogen. Although BNL has capability in
the area of liquid-hydrogen production and storage, it is
our view that this storage method is too costly and too
energy-intensive for most applications, excluding the use
in air transport systems, which is outside the scope of BNL
responsibility. In connection with metal hydride (MHx)
storage, it is our goal to develop and establish the base
for commercialization of this technology in the very-near
term. Commercialization of MHx for transportation applica-
tions is already in progress, and most of you are familiar
with the product line turned out by Billings Energy Research
Corporation. N

Metal-hydride systems using hydrogen as the working
fluid in a closed system have a number of other prospective
applications, among them being thermal storage, heat pumps
and electric conversion; we are looking into the prospects
for end-use applications along these lines.

In the area of applications the BNL effort is con-
cerned with relatively near term needs. A study is in
progress considering the production of hydrogen by electric
utilities from spinning reserve, or off-peak power, for
injection into existing natural gas lines as supplemental
fuel. This effort is linked with the concept of energy
exchange between gas and electric systems, as discussed by
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Jack Casazza et al. of Public Service Electric and Gas of
New Jersey, Roosevelt Fernandes of Niagra Mohawk Power
Company, and personnel at BNL.

One of the primary goals of the BNL program is to
study the feasibility of electric-energy storage via the use
of hydrogen-oxygen systems. The concept has been studied
in detail by BNL, with support from industry. Our conclu-
sion is that in the form considered, even anticipating
advanced~-electrolysis and fuel-cell-technology development,
this concept is not expected to be an economically viable
alternative in the near term, based on current cost pro-
jections relative to the required cost goals. However,
electric to electric storage is still a major goal of the
Division of Energy Storage Systems. Hydrogen systems in
several different forms have potential viability and flex-
ibility for use as long-term electric storage cycles, i.e.,
weekly cycles. In an effort to overcome the short-comings
of the hydrogen-oxygen system, BNL, in collaboration with
industry, has begun to examine the H —Cl2 system because of
its electrochemical reversibility ang potential for H,O
electrolysis. Dr. Srinivasan will describe the system in
detail.

BNL. has a related but small program on fuel-cell de-
velopment supported by ERDA's Division of Conservation
Research and Technology. Another major focus of BNL's in-
house program is on our Hydrogen Technology Advanced
Components Test Systems (HYTACTS) Program. This facility
will test hydrogen technology hardware supplied by indus-
trial partners involved in cooperative efforts. The empha-
sis this year is on engineering design and testing of metal-
hydride hydrogen-storage vessels. This HYTACTS facility
will also be used to test electrolysis equipment, and
eventually storage and conversion hardware related to
advanced systems such as the HCl electrolysis concept.

Last, but not least, I would like to mention work in
the area of systems studies which are being conducted to
define the role of electrolysis-based hydrogen systems.
This work includes system definition, cost goals, economic
and environmental impacts, as well as synergistic effects
in common with other aspects of the U. S. energy system.




During the past fiscal year the study has concentrated on
near-term industrial applications of hydrogen. A recent
study by Exxon Research and Engineering Company, prepared
under subcontract to BNL, will be presented at this meeting.

In additicn to the personnel involved in the current
BNL technical program, a project management team has been
assembled to direct these specific efforts.

In summary, it is of value to point out the names of
key individuals who are working in the management and tech-
nical support of the program; their names are shown on the
chart in Figure 2. You should note that it is the lead
technical people, and their supporting personnel carrying
out the in-house technical program, who will be involved in
the technical monitoring of the BNL subcontract efforts.

Project Management

G. Strickland In-House Projects and Technical

Monitors

M. Bonner - Contracts Management and Coordination

Technical Projects

S. Srinivasan - Electrochemistry

J. Reilly ~ Metal Hydride Materials

A. Beaufrere -- Engineering Design and Coordination
A/E's

C. Braun - Systems Studies

C. Waide ~ Automotive Storage

Figure 2. Project Responsibilities for the Hydrogen
Program.

This work was carried out under the auspices of the United
States Energy Research and Development Administration.
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WORK OF THE AD HOC COMMITTEE
- EVALUATING THE USE OF HYDROGEN AS A SUPPLEMENT
TO NATURAL GAS

G. F. Steinmetz
Baltimore Gas and Electric Company
1068 N. Front Street
Baltimore, Md. 21202

The Ad Hoc Committee was established at the invita-
tion of ERDA to study the feasibility of producing hydrogen
to supplement natural gas supplies. Membership was soli- .
cited from a broad base of utilities, agenciles, and govern-
ment to assure expertise and a balanced input to the
project. Although sponsored by ERDA, the study is intended
to reflect industry appraisal. Activity began with an
organizational meeting on April 21, 1976.

By June 3, the Committee had defined its charge and
was arranged into five Task Groups. In essence, the
Committee was to advise whether or not hydrogen supplemen-
tation is a viable goal for commercializaticn within the
mid-term, that is, 1985-2000. If affirmative, a program
for demonstrating the technical ability to accomplish this
goal was to be formulated. Work was oriented to problem
definition and appraisal of magnitude, the supply-demand
relationship, economic evaluation and planning. Problem
solutions in depth were not considered other than a review
of state-of-the-art and pending developments. A target
date of January, 1977 was set for completion of the study.

The following listing of the Task Group scopes will
give an idea of the comprehensive approach to this study.

Motivation

To place into perspective the factors relating to the
natural gas and electric power supply-demand situations
which make hydrogen supplementation appear to be a viable
concept for the conservation of energy and natural re-
sources.

Supply

To evaluate the problems associated with hydrogen pro-
duction. This consideration to include all techniques
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stemming from the use of various energy sources. Commer-
clal hydrogen production by any means also to be reviewed.

Interface - Supply to Transmission and Distribution

To evaluate the problems associated with the handling
of hydrogen from the outlet of its source to injection into
a natural gas pipeline. This consideration to include the
injectlion system and controls which extend to monitoring
of the blend downstream of the injection point.

Transmission and Distribution

To evaluate the problems associated with the handling
of natural gas supplemented with various percentages of
hydrogen. This consideration extends from the receipt of
the blended mixture to its delivery on the outlet side of
The meter at the consumer's premises. '

Utilization

To evaluate the problems associated with the end use
of hydrogen as a supplement to natural gas. This consid-
eration extends from the outlet of the meter at the con-
sumer's premises through the house line and final consump-
tion. All types of appliance usage, i.e., domestic,
commerclal and industrial are included.

All of these Task Groups were asked to develop the
technical considerations involved with their charge. They
were also to assess the impact of vital non-technical con-
siderations, such as, Safety, Environmental, Legal, Costs,
Codes and Regulatory. The assessment was to proceed
through five Exercises namely:

I - Present State of the Art

IT - Realistic Immediate Goals and Recommendations
ITII - Real World Physical Applications

IV - Alternative Operating Arrangements

\ - Long Range Possibilities

During the course of work, a sixth Task Group was es-
tablished to provide guidelines for costing methods. These
guidelines would be applied uniformly in developlng the
economic analysis of the hydrogen supplementation concept.

The people carrying out this study do represent a wide
cross-section of industry and government. Participating
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organizations are listed below:

Industry

Baltimore Gas & Electric Co.
Columbia Gas System Service Corp.
Commonwealth Edison Co.
Consolidated Edison of New York
Consumer's Gas of Toronto
Elizabethtown Gas Co.

Exxon Co.

Agencies

- American Gas Association
Electric Power Research Inst.
Institute of Gas Technology

Gas Appliance Manufacturers Ass.

Niagara Mohawk Power Corp.
Pacific Gas and Electric
Co.

Public Service Electric &
Gas Co.

Southern California Gas
Co.

Texas (Gas Transmission Co.

Government

Energy Research and De-
velopment Adm.
Brookhaven National Lab.
Jet Propulsion Lab.
Lewis Research Center
Sandia Lab.

Committee members have wrestled with this question and

themselves since June. Coordinating this activity with
many diverse, busy and geographically separated people has
proved to be a stimulating experience. Despite the viecissi-
tudes of vacations, meeting conflicts, communication break-
downs and a tight schedule, a remarkable amount of work has
been done. We are now at the crucial stage of the investi-
gation - putting together the outputs from the various Task
Groups and focusing the activity to get a clear picture.

It is fair to say that any statement as to the final rec-
ommendations are speculative at this time. Certain aspects
of the study, however, are in perspective. These are given
below:

1. There is a very high degree of confidence in the
ability of gas burning equipment to utilize up to 10% of
hydrogen by volume in a mixture with historic natural gas
without readjustment. The latter is taken as 1030 BTU,
0.58 specific gravity gas generally distributed at this
time. Work is presently being funded by ERDA to get a
better handle on the upper limits. A field demonstration
involving domestic appliances of various ages, types and-
applications "in-situ" would be valuable in confirming the
interchangeability criteria now in use. Industrial equip-
ment is in the same category except for some applications

13




where input rate, flame pattern and combustion atmosphere
are critical. Most indusfrial equipment is monitored and
adjusted under present conditions so this would not be an
overriding consideration.

2. Distributilion systems in the past have utilized
manufactured gases containing hydrogen in the order of 30%
and more. In fact some operate today with significant per-
centages of hydrogen without difficulty. Also there are
straight hydrogen pipelines which have operated success-
fully for a number of years. However, no pipelines have
operated with this particular blend of natural gas and
hydrogen. Since there is still concern about adverse
effects, particularly at higher pressures, such as encoun-
tered with transmission lines, a field demonstration
involving such facilities would be of value.

3. The handling of pure hydrogen at an interface
facility and blending controlled percentages into a flowing
natural gas stream 1s clearly within present technology.
Storage other than in "buffer" quantities is not included
in this consideration. Compression, if needed from near
atmospheric levels, would impose severe equipment and cost
penalties. A field demonstration would be of value partic-
ularly with respect to resolving the environmental, code
and regulatory questions.

4, For mid-term commercialization, the use of ad-
vanced electrolyzers operating on "spinning reserve" and
"off peak" electric generation appears to be the only
meaningful concept. The physical feasibility, that is,
matching of availability versus demand and the economics
are under intensive scrutiny at this time.

This latter consideration is where the critical judg-
ement must be made. The Ad Hoc Committee will do its
utmost to present the case for hydrogen supplementation in
a fair and balanced manner. As is often said - there is
nothing quite so irresistible as an idea whose time has
come. Many of us believe that hydrogen will have its time.
The question is when.

14




BLENDING OF HYDROGEN IN
NATURAL GAS DISTRIBUTION SYSTEMS

C. R. Guerra, J. E. Griffith, K. Kelton and D. Nielsen
Public Service Electric and Gas Company
80 Park Place
Newark, NJ 07101

The objective of this study is to experimentally eval-
uate the concept of supplementation of natural gas with

hydrogen to extend the amount of pipeline quality gas which
can be delivered by utility systems.

Background

Gas, at present, 1s a major primary source of energy,
accounting for approximately 1/3 the total energy used in
the U.S. The current U.S. gas supply plcture is dominated
by the production and expected reserves of gas fields in
the producing states.

The available information suggests that most utilities
in the U.S. can expect shortages in gas deliveries to con-
tinue. Pipeline curtailments to PSE&G averaged 30% during
the winter of 1975 and curtailments by pipelines to the
Northeast are expected to range up to 40% during 1985-1995.
To offset these curtallments, utilities are involved 1in a
range of projects to develop additional sources of pipeline
quality gas.

In the near term (1985), additional gas supplies are
expected to result from the Importation of liguified natural
gas (LNG), Alaskan gas, Canadian gas, offshore gas, gas from
advanced fracturing, and substitute natural gas (SNG) from
coal, petroleum and wastes. By most accounts all new gas
will be expensive.

Hydrogen 1s attractive as a supplement to natural gas
because it is suited to existing gas distribution/utiliza-
tion systems and can be derived from various primary energy
sources. It can be instrumental in the smooth transition
in gas delivery operations from a fossil to a nonfossil eco-
nomy. The current systems for distribution of essentially
pure methane may be adapted to the distribution of blends
containing methane and hydrogen in the near term and even-
fually pure hydrogen in the long term. The large invest-
ments in gas T&D pipeline networks and customer utilization
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equipment could thus be most economically used.

Project Description

This investigation consists of two tasks. Task I aims
to evaluate the maximum levels of hydrogen that can be
blended with natural gas and require minimal or no adjust-
ment or conversion of typical utilization devices operating
from the utility network. Task II aims to determine flow
patterns from hydrogen blending points in a utilility distri-
bution system and the effectiveness in hydrogen containment
by typical pipeline materials and components. Concurrent
with these tasks certain nontechnical aspects related to
safety and regulatory requirements are being examined.

The work in interchangeability indices and combustion
tests 1s being carried out at PSE&G's Gas Utilization Lab-
oratory. The work in hydrogen blending and containment,
which requires larger gas volumes, is belng set up at
PSE&G's Harrison Gas Production Plant. This site has acces-
sibility to gas of various compositions (SNG, refinery gas,
0il gas) which need to be considered for multicomponent gas
blends. The network analysis will be carried out using a
Univac 1106 employed for system flow studies.

Status

This report summarizes the first 5 months of the pro-
Ject essentially covering most of the proposed combustion
studies.

The following gas interchangeability indices (Weaver)
were calculated to determine the suitability of gas mix-
tures of interest in meeting desirable combustion criteria.

Little change in heat input (J )
No lifting of flames (Jp)

No flashback of flames ~(Jgy)

No excessive yellow tlpplng (Jy)
No incomplete combustion (J7)

. Primary air requirements (JA)

AU W

The combustion test included the following equipment:

1. Tests with hydrogen blends of eleven pilot
burners including aerated, monaerated and
target designs.
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2. Tests with hydrogen blends of thirteen main
burners including the following designs:
drilled port, slotted port, single port,
ribbon, target and luminous flame.

3. Tests with hydrogen blends of seven applliances
including range, water heater, clothes dryer,
furnace, and boiler, some with electric igni-
tion. ,

The variety of utilization equipment tested is thought
to be representative of what is supplied by a utility net-
work. Burner performance was determined with natural gas
and six test mixtures (6, 10, 14, 20, 25 and 30% hydrogen)
at a line pressure of 5 inches water gauge.

Results

The burner tests demonstrated satisfactory interchange-
abllity with natural gas (NG) of the following blends:

* 10% Ho + 85% NG - the limiting concentration using
target pilots at a line pressure of 5" water gauge.
No modifications required.

* 15% Ho + 85% NG - the limiting concentration using
target pilots at a line pressure of 7" water gauge.
Same concentration can be used by changing orifice
of target pilot if line pressure is kept at 5" water.

* 20% Hy + 80% NG - the limiting concentration deter-
mined by the main burner of appliance and can be
achieved by changing target pilots and a line
pressure of 7" water gauge.

A review of the experience by PSE&G in the commercilal
distribution of hydrogen containing refinery gas (RG) in
blends with natural gas indicates the following:

* The heavier hydrocarbons in refinery gas tend to
balance the combustion changes brought about by
hydrogen added to natural gas. Thus 3-12% H, in
the blends (RG + NG) have been found satisfactory.

- The experience since 1971 (30 x 10® SCF/D refinery
gas with 12 to 32% H, from Exxon's Bayway Refinery
blended with natural gas by PSE&G at Linden, NJ)

| has shown no significant problems in the trans-

| mission (15 miles) and distribution (10 miles) of
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the blends in a utility network or in customer
acceptance.

Plans

The work will continue as planned with some updating
as suggested by the experience with multicomponent gas
blends.
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SOLID POLYMER ELECTROLYTE WATER ELECTROLYSIS
DEVELOPMENT STATUS FOR BULK HYDROGEN GENERATION

L. J. Nuttall
General Electric Company
Direct Energy Conversion Programs
' 50 Fordham Road
Wilmington, Massachusetts 01887

Because of the high cost of electrolytic hydrogen,
it has been used primarily for specialized applications in
food processing and semi-conductor manufacture which re-
quire high purity gas. Virtually all other requirements
for hydrogen in this country have been supplied by reform-
ing of natural gas. Projections of demand for hydrogen show
it continually increasing between now and the end of the
century while prospects for natural gas feedstock to the
hydrogen industry indicates probable reductions in avail-
ability and significant increases in prices. Therefore, it
would seem to be appropriate to reexamine the prospects for
improving the cost and efficiency of electrolyzer tech-
nology so that it not only might be able to pick up some of
the future shortfall in meeting the chemical/industrial
demand for hydrogen feedstock but also become a candidate
for energy storage systems to help meet peak load demands
in electric utility networks, as well as for bulk hydrogen
generation to supplement natural gas over a wider spectrum
of energy applications.

With present funding support from ERDA and some
electric utilities supplementing that of General Electric,
we are extending the development of the solid polymer
electrolyte (SPE) water electrolysis technology, originally
developed for aerospace applications, to try to meet
performance and economic goals which could make electrolytic
hydrogen a viable alternative for such applications.

As the name implies, the SPE electrolysis cell
which was developed by General Electric, uses a solid
sheet of perfluorinated polymer plastic as the sole elec-
trolyte. The electrodes consist only of thin films of
catalyst pressed onto the surface of the electrolyte sheet.
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In the cells designed for aerospace applications, multi-
layer expanded metal screens form the anode and cathode
chambers and serve as current collectors as well as for
electrolyte support. A solid metal separator is then used
between the anode chamber of one cell and the cathode
chamber of the adjacent cell to complete a bi-polar
configuration.

There is no liguid electrolyte, and plain water is
the only liquid in the cell. Water is circulated through
the anode chamber at a sufficiently high rate to remove
the waste heat as well as provide for the electrolysis
reaction, so no separate cooling fluid is needed, making
a very simple and compact cell design.

This technology was originally developed for space
fuel cell applications and was first used in the Gemini
spacecraft in the 1960's. However, its unique features
also make it ideally suited to a wide range of other elec-
trochemical applications including water electrolysis and
oxygen or hydrogen concentration. A prototype oxygen con-
centrator was delivered earlier this year to the Navy for
aircraft applications, and some of the present water
electrolysis applications include oxygen generation for
space station and submarine life support systems and a
small commercial hydrogen generator for gas chromatographs
and other laboratory uses.

The SPE cells are also applicable for electrolysis
of HCl, NaCl and Nazso for production of chlorine, hydro-
gen and caustic and of%ers similar advantages over current
equipment used in these applications as it does in the field

of water electrolysis.

The most significant feature of the SPE cell for
water electrolysis is the very high efficiency as compared
with conventional electrolyzers, as shown in Figure 1, and
the capability for ogerating at high current densities '
(1000 - 2000 amps/ft“). The high efficiency will result
in savings in electrical power, or operating costs and the
high current density will provide lower capital costs, the
combination possibly resulting in the means for making
electrolytic hydrogen competitive for many chemical/
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industrial applications and perhaps, depending on the power
source, even to be considered as a supplement to natural gas
as a clean energy source. ‘
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Figure 1. Electrolysis Cell Operating Performance
Comparison.

The goals for the development program are to
achieve an overall electrolysis system efficiency of 85 to
90% and a capital cost (in production) of less than
$100/KW. If the program proceeds as planned, this capa-
bility is to be demonstrated in a 500 KW prototype system
in 1980 and in a 5 MW system in 1981.

At the outset of the program, a preliminary system
study was conducted to get a rough assessment of the pos-
sible economics of a large size SPE electrolysis plant.
The system requirements assumed for the study were as
follows:
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Hydrogen Generation Rate 3250 1lb/hr (58 MW out)

Pressure 40 atm
Temperature 100°F

Dew Point -70°F

Capacity Variation 0 - 100% of rated
Duty Cycle 40%

Cost of Electricity 10 mil/KWH
Capital Cost Write-Off 17%/Yr

A schematic flow diagram for this system is shown
in Figure 2 and an artist's conception of such an instal-
lation is shown in Figure 3. The floor space redquired for
this system is approximately 40' x 90', excluding the trans-
former/rectifiers and switch gear. These require an ad-
ditional 20' x 40', but can be installed outdoors and do
not need building space.

Y + 00325 E6 Hy
lanaand 5 Ha :DE&(; w
H, Cooler Deoxo Dryers . ’ T =100
02566 E6 O, 02566 E6 O 9
P =550 1 P =550
P =605 T =100
T =300 T =300 0,
00325 E6 H, | 0, Cocler ‘Q’ —
Electrolyzer
72.8 MW
H5 105 | ~ 1000V
212
HalHa0 - 728008 | Q220
P eparator H,0 Bleed
o al——
H,0
0/0
MAIN Hx O Circ. ‘ ';:0385? E6 Hy
P
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T =300
-
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P, Pressure, Psia
T, Temperature, F
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Figure 2. System Fluid Schematic.
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Figure 3. 58 MW SPE Electrolysis System for Energy
Storage Substation.

The study did not factor in any future improvements
in performance due to improved catalyst and SPE develop-
ment. However, it did consider the development of the
lower cost cell design and materials which we expect to
realize as a result of the current development effort. The
resulting calculation of system costs, using actual vendor
quotations for most of the ancillary components, is shown
in Table I, indicating a potential capital cost, excluding
land and buildings, of less than $80/KW. The total cost
for the hydrogen, then, would be as shown in Figure 4 as a
function of the electrical power cost. At 10 mil/KWH the
cost of hydrogen would be between $4 and $5/10° BTU.

As an alternative to the use of off-peak power, the
Institute of Gas Technology earlier this year reported on
a study considering the use of a dedicated nuclear plant
for production of electrolytic hydrogen, the results of
which are shown in Table II. This also indicates that
electrolytic hydrogen can be produced at a cost in the
order of magnitude of $5/lO6 BTU.
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Table I. System Cost Breakdown.

Specific
Cost* Cost

($1000°s) $/KW**

Electrolysis Module 473 8.15
Power Conversion and

Switch Gear 2484 42.76

Ancillary Equipment 1050 18.08

Installation™*** 480 8.26

Total 4487 77.25

* 1975 dollars
**  Equivalent KW output based on HH V of hydrogen

*** Does not include land or buildings

n T T — T

©
I

6/6 =3

COST OF ELECTROLYTIC HYDROGEN — $106 BTU
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0 5 10 15 20 25

ELEC PWR COST — MILS

Figure 4. Gas Cost as Function of Off Peak Electric
Power Cost.
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{ Table II. Nuclear - Electrolytic Hydrogen Production

\ Facility.
ESTIMATED ANNUAL COSTS*
$/106Btu
Annual of Hy
Item Cost, $106 Produced
Nuclear-to-Electricity Subsystem -
Fuel : 275 0.79
Operating and Maintenance 6.1 0.17
Fixed Capital Charges
($ 737 X 106 at 17.6%) 129.7 3.72
Subtotal 163.3 4.68
Electricity-to-Hydrogen Subsystem
Production Materials 0.2 0.01
Water 0.8 0.02
Direct Labor 1.3 0.04
Maintenance Labor ’ 1.4 0.04
Maintenance Supplies 1.4 0.04
Supervision 0.4 0.01
Administration and Overhead 5.8 0.17
Fixed Capital Charges
($69 X 106 at 17.6%) 12.1 0.35
Subtotal 234 0.68
Total Cost 186.7 5.36
Possible Oxygen By-Product Credit ($10/short ton) .64
Net Cost 472

*fro-m “Efficiency and Cost Advantages of an Advanced Technology Nuclear — Electro-
lytic Hydrogen — Energy Production Facility”” — T.D. Donakowski & W.J.D. Escher.
ACS Centennial Meeting, Apr 4-9, 1976.

The development program to date has concentrated on
the technology areas required to achieve further improved
performance and reduced cost. Figure 5 shows a comparison of
of the past, current and projected performance curves. The
goal for this program is to achieve the 1980 level shown on
this figure and the development efforts to achieve it are
directed toward higher temperature operation (up to 300°F),
improved anode catalysts and reduced electrolyte resistance.

To date, cells have been operated at 300°F for more
than 3000 hours without any serious problems, with a demon-
strated performance improvement of around 150 My at
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1000 ASF. Life testing is continuing. In addition, a 50
to 100 MV improvement from newer catalyst materials and 50
to 75 MV from a possible new electrolyte material have been
demonstrated in short term testing. Additional development
and life tests are also continuing in these areas.
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FPigure 5. Historical and Projected Comparison of
Per formance Curves.

Thus it still appears that the performance goal for
the 1980 period is realistic.

The major element of cost in the SPE cells as now
designed for the aerospace applications is the expanded
metal screen packages and gaskets used to form the fluid
cavities and serve as current collectors. We now have on
test a molded carbon current collector similar to those
used in other electrochemical cells which represents an
order of magnitude reduction in cost. Reduced noble metal
catalyst loadings on the cathode have been demonstrated
which would correspond to an additional $30/ft and the new
SPE material samples which are on test may represent an
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additional $1O/ft2 saving. Therefore, based on results
which have been demonstrated to date, it is estimated that
the production Sost for the electrolyzer would be in the
order of $80/ft” of active area as compared with $260/ft
for the original configuration. Continuing development
during the course of this program is expected to further
reduce these costs to approach the goal of $20/£t2 by 1980.

The effect of the electrolyzer cost, in $/ft2, on
the cost of the resulting hydrogen produced is shown in
Figure 6.
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Figure 6. Cost of Hydrogen - SPE Water
Electrolysis.
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Thus the progress to date, essentially one year into
the development program, has been most encouraging and has
confirmed the feasibility of meeting the performance and
economic goals and objectives. As mentioned previously, it
is planned to demonstrate this capability in large scale
systems in the 1980 - 1981 time period which we expect will
establish electrolytic hydrogen as an economic alternative
for energy storage and other energy related applications -
including the possible use as a supplement to natural gas
where availability of low cost electrical power exists or
can be developed.
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ADVANCED ALKALINE ELECTROLYSIS CELL MATRIX DEVELOPMENT

John N. Murray
Teledyne Energy Systems
110 W. Timonium Road
Timonium, Maryland 21093

Hydrogen plays a meaningful role in today's economy
as an active chemical commodity. However, hydrogen pre-
pared by electrolysis of water occupies only a small frac-
tion of the market in that production costs are excessive
compared to purchasing hydrogen from natural gas or hydro-
carbon conversion plants. Although the electrolytic Hjp
market segment is at present small, the primary attractive-
ness is that (a) quite high purity gas can be produced at
negligible extra cost and at a price quite competitive with
other supplies of high purity Hp, and (b) once the psycho-
logical barrier to user/H2 producer is crossed, on-site '
generation of Hy has much to offer with respect to produc-
tion control, availability, and maintenance of purity.

To meet the existing specialty Hz gas market needs,
Teledyne Energy Systems is currently manufacturing two
models of commercial alkaline electrolysis systems. The
smaller HG series generators produce from one-quarter to
one standard liter of Hp per minute. These units are de-
signed for laboratory use, to supply fuel for gas analysis
instrumentation. The HS series produces from 20 to 200
standard liters of H, per minute and is used in industrial
applications where high purity reducing atmospheres are
necessary. From a module/cell performance viewpoint,
these commercial models are not very efficient when com-
pared to some of the high performance systems currently
being built for military programs. By the same token, the
commercial systems are relatively inexpensive in terms of
dollars per square foot of cell area.

The role of Hp in the future energy schemes, the
needs for Hp within tomorrow's technology, these areas
have been discussed at length by many authors from many
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distinct viewpoints. The usefulness of electrolytic H2
most analysts agree is tied to high production efficiencies,
i.e., low cell voltages. Most analysis efforts have shown
that the existing approaches to the commercial cell de-
signs result in low capital costs. The major objective of
this (or any) program is to lower the electrolytic cell
operating voltage with no or quite low increases in the
capital cost.

Two possible approaches to affect this significant
improvement are (a) the use of alternative electrocatalysts,
or (b) the increase in operating temperature from the
present, historically established value.

At present, the large scale commercial electrolyzers
employ nickel in a variety of shapes as the essential
electrocatalysts are available and new catalyst systems
are under study at several facilities, these advanced elec-
trodes will cause an increased cell/module capital cost to
be realized. The overall effect on cost of Hy will be
complicated by the cost of electricity, the cost of money,
a subject previously discussed (1) and (2), and beyond
this abstract.

Temperature increases are the more logical and immed-
iate approach for improved Hy production energetics. Sev-
eral previous studies have shown the voltage efficiency
improves linearly with increasing temperature. This gen-
eral effect is observed with a variety of electrocatalysts
as one would expect from both thermodynamic and electro-
kinetic considerations. Most of the existing cell mater-
ials are satisfactory with respect to performance and life
characteristics at moderate and intermediate temperatures.
The present commercial inter-electrode separator (or cell
matrix) does have a life limiting temperature of approxi-
mately 820C (180°F). The current work sponsored by ERDA/
BNL is concerned with establishing an acceptable substi-
tute for this asbestos cell matrix, capable of withstand-
ing higher temperatures and thus improving overall cell
efficiencies.

From previous work with structural polymers (3), two
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materials were selected for the initial evaluation. Poly-
sulfone, supplied by Union Carbide, and polyarylsulfone,
purchased from Carborundum Plastics, are processed from
solution into thin fiber form by FRL (Fiber Research Lab-
oratories). This 13 pm (0.51 mil) thread/yard is subse-
quently cut and processed into a matt or porous matrix
0.076 cm (0.03 in.) thick for evaluation of pore structure,
compressive stress-strain and electrochemical characteris-
tics. Additionally, lengths of the parent yarn are being
subjected to aging studies with the KOH/H;, KOH/O, envi-
ronments., Chemical changes as well as mechanical charac-
teristics changes are being measured to evaluate the mat-
erial effectiveness.

This is the essence of the Task One effort. The Task
Two effort will continue the evaluation of two additional
polymers, Polyphenylenesulfide (RYTON) produced by Phillips
Petroleum and Polyethersulfone (PES) produced by ICI Amer-
ica. The RYTON polymer requires melt spinning technology
and it is anticipated the PES fiber would be prepared via
melt technology as reference.

With an advanced high temperature matrix established,
the second phase of the program, the construction and life
testing of large area, high temperature, high efficiency
electrolysis cells would be conducted. Satisfactory per-
formance for 4000 hours (minimum) would allow sufficient
basis for pilot plant demonstration when warranted.

References

1. Laskin, J.B. and Feldwick, R.D., "Recent Development
of Large Electrolytic Hydrogen Generators", Proc.
lst World Hydrogen Energy Conference, 1-3 March 1976,
Miami Beach, Florida.

2. Kincaide, W.C. and Williams, C.F. "Storage of Elec-
trical Energy through Electrolysis", presented at the
8th I.,E.C.E.C., Philadelphia, Pennsylvania, August
1973.

31




Murray, J.N., "Stability of Thermoplastics and Fiber
Reinforced Thermoplastics in KOH/02 Environments",
Prod. 34th Annual Technical Conference, Society of

Plastics Engineers, 26-29 April 1976, Atlantic City,
New Jersey.




~ SELECTION AND EVALUATION OF CELL MATERIALS
FOR ADVANCED WATER ELECTROLYZERS*

S. Srinivasan, G. Kissel, P. W. T. Lu, F. Kulesa
and C. Davidson

Department of Applied Science,
Brookhaven National Laboratory
Upton, N. Y. 11973

1. Introduction

For hydrogen production by water electrolysis to be
competitive with conventional methods, it is necessary to
reduce capital costs of plants and approach 100% energy
efficiencies. The main factors which limit the current
densities in water electrolysis cells and reduce the energy
efficiencies are the slowness of the hydrogen and oxygen
evolution reactions at the electrodes and the ohmic losses
in the electrolyte. Studies of hydrogen and oxygen over-
potential at nickel electrodes, from potassium hydroxide,
as a function of temperature in the range from 80 to 265°C
shows that by simply raising the operating temperature from
80°c, which is commonly used in commercial water electro-
lyzers, to about 150°C, it should be possible to lower the
cell potential for water electrolysis from about 2 volts
(energy efficiency about 75%) to about 1.6 volts (E > 90%).
By increasing the operating temperature, one also lowers
the ohmic losses in the cell. Teledyne Energy Systems is
following this approach in the development of advanced
alkaline water electrolyzers. A novel but even more promis-
ing route to developing low cost, high efficiency electro-
lyzers is being followed by the General Electric Company.
By impregnating high surface area catalyst particles on a
thin layer of a highly acidic solid polymer electrolyte,
activation and ohmic overpotential losses are minimized

* This work was done under the auspices of the United
States Energy Research and Development Administration
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even at extremely high current densities ( >1 amp cm_2).

The central problem in the development of efficient advanced
alkaline or acid wgter electrolysis cell operating at tem-
peratures over 100 C is in finding suitable cell materials
(e.g. electrocatalysts, separator materials, current col-
lectors, cell frames, gaskets, seals, etc.). The present
paper summarizes some aspects of these efforts being made

at Brookhaven National Laboratory. (1-3)

2. Research and Development of Advanced Alkaline Water
Elegtrolysis Cells Operating at Temperatures 120 and
150 C.

One of the most sesious problems in raising the operat-
ing temperature from 80 C to over 100°C is in finding a
substitute for asbestos as the separator material. Over 35
organic and inorganic materials have been tested in KOH as
the electrolyte. Potassium titanate and Nafion are the
most promising. With Nafion as the separator material,
ohmic losses are less with NaOH than with KOH as the elec~-
trolyte for the same ionic concentration in both cases. A
potential candidate for cell construction materials is :
polysulfone for cells operating at temperatures of 120-150"C.
The main problem encountered to date in the construction of
small test cells is in finding a gasket material, stable in
the strong alkaline environment. Viton gaskets are un-
stable, while ethylene~-propylene gaskets are resistant to
chemicals and heat but are poor sealants. By measurements
of half-cell potentials as a function of time, it was shown
that the cathode performance is affected to a considerably
greater extent than that of the anode by electrolyte con-
tamination. The potential-current density relations for
water electrolysis, in cells designed and fabricated at
BNL with potassium titanate as a separator, as a function
of temperature are shown in Figure 1. From the point of
view of finding suitable cell construction materials at a
reasonably improved cell performance over that at 80°C, an
operating temperature of 120°C is recommended.
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Fig. 1 CELL POTENTIAL-CURRENT DENSITY RELATIONS FOR
WATER ELECTROLYSIS FROM 35% KOH WITH NICKEL
ELECTRODES AND POTASSIUM TITANATE SEPARATOR

3. Electrocatalysis of the Oxygen Evolution Reaction

Activation overpotential for the oxygen evolution re-
action is one of the main reasons for efficiency losses in
water electrolysis cells. It is more significant in acid
than in alkaline electrolytes. The choice of electro-
catalysts in the acid environment is restricted to the
noble metals or their alloys. 1In acid electrolytes, the
exchange current density for oxygen evolution on Ir is
about 1000 times higher than that on Pt. It is probable
that the metal like conductivity of the IrO, film, which is
probably formed on Ir in the potential region for oxygen
evolution, contributes to its catalytic activity. Nickel
is the best known electrocatalyst for the oxygen evolution
reaction from alkaline solution. Recently, a number of
alloys of Ni with Ir, Ru, W, Ti, Cu, Ag and Fe were eval-
uated as oxygen electrodes. Slight improvements in elec-
trocatalytic activities were observed with the Ni-Ir and

Ni-Ru alloys and with the intermetallic compound Ni3Ti.
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4. Mixed Oxides as Oxygen Electrodes

The oxygen electrode reactions are of special impor-
tance in water electrolysis, fuel cells and some secondary
battery systems such as zinc-air, and iron-air. The only
hope for developing reversible oxygen is by using oxides.
Oxides with a spinel or perovskite structure are attractive
because of their reasonably high electronic conductivity
and stability in electrolyte environments. Three types of
oxides, NiOx, NiCo 0, (with spinel structure) and RuO./TiO
(with rutile struc%ures) were investigated as anodes %or
oxygen evolution from KOH solution. The transfer coeffic-
ients for Oy evolution on these materials is about twice
that on nickel. The electrodss were prepared by the thermal
decomposition or the freeze drying method. Teflon bonded
electrodes of the latter type with NiC0204 showed consid-
erable promise.

2

5. Optical and Electrochemical Properties of Films Formed
on Metals in the Oxygen Evolution Region

The oxide layer, formed on an electrode surface during
the anodic polarization, can be of the major sources of
efficiency losses in water electrolyzers. The properties
of this layer, such as electronic conductivity and thick-
ness, may determine the kinetics of the oxygen evolution
reaction which always takes place on oxide covered films.
For this reaction on a mechanically polished Pt in IN H5804,
ellipsometric studies were carried out in situ to charac-
terize the anodized oxide films. After polarization at 2.2
volts versus the reversible hydrogen electrods, two types
of oxide films, designed as @ and 3, were found to be pres-
ent on the electrode surface. Film B, which was found to
grow on film o, was found to be a poor electronic conductor
and porous. However, this film was found to catalyze the
oxygen evolution reaction. Its appearance causes a de-
crease of the observed Tafel slopz from 115 to 80 mV.

Prior to the oxygen evolution reaction, the anodic
oxide layer formed on Ni electrode in IN KOH was investi-
gated using ellipsometry. The plots of changes of ellip-
sometric parameters vs. the electrode potential are shown
in Figure 2. The initial formation of Ni(OH)2 layer
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(starting at ~ 0.2V) and the further oxidation of Ni(OH)j
to B-NiOOH in the potential range of 0.8 ~ 1.3V results in
steady and slight decrease in A, but no significant change
in y. However, at the potentials higher than 1.38V, the
measured A and | undergo remarkable changes arising from
the formation of B-NiOOH on the Ni substrate. These oObser-
vations indicate that the Ni(OH), layer formed at lower
potentials is thin (a few A) and non-absorbing film,

while the B-NiOOH film on which the oxygen evolution reac-
tion takes place is light absorbing and thus a good elec-
tronic conductor. On anodization of Nijelectrode at 1.50V
for 20 hrs, a layer of B-NiOOH of ~ 250A in thickness was
found exhibiting the optical constants as follows: n =

~ 1.41 and K = 0.14 + 0.02. The Tafel plot for 05 evolu-
tion on this oxide layer was determined using the steady
state potentiostatic method. Compared with Pt electrode on
which poorly conducting films are observed (for the film
8, K= 0,00 ~ 0.01), the measured exchange current density
for O evolution reaction on Ni electrode are higher than
that for this reaction on Pt electrode by an order of 103 ~
104. These results show that the electronic conductivity
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of oxide films plays a significant role in the determination
of electrocatalytic activities of electrode materials for 0,
evolution.

6. Proposed Studies for FY 1977

The three major tasks in FY 1977 will include research
and development of (i) solid polymer electrolyte electroly-
sis cells; (ii) advanced alkaline electrolysis cells; and
(iii) mixed oxides as oxygen electrodes. 1In the first, the
subtasks will deal with the GE cell, i.e., determination of
efficiencies for hydrogen production, electrocatalysis, and
evaluation of anode current collector materials. Studies
will also be extended on the correlations beétween optical
properties of films formed on Pt, Ir and Ru, and their
electrocatalytic activity in trifluoro methane sulfonic
acid. 1In the second task, emphasis will be on the design
and_fabrication of single cells for operation at about
1207C for the long-term study of separator and construc-
tion materials. Electrocatalysis and ellipsometric studies
will also be included. The third task is of vital impor-
tance to water electrolyzers, fuel cells, and secondary
metal-air batteries. Transition metal and rare earth
oxides will be studied, including life tests on NiCoy0y4,
and correlations between electrocatalytic activity and
magnetic properties will be investigated.
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A PROPOSED FAILURE MECHANISM
OF ASBESTOS SEPARATOR MATERIAL

P. J. Moran, G. E. Stoner and G. L. Cahen, Jr.
Department of Materials Science
University of Virginia
Charlottesville, Virginia 22901

The fallure of asbestos separator material at elevated
temperatures (>105°C) has generally been attributed to an
Increase in the dissolution rate of asbestos in the potas-
sium hydroxide electrolyte. A recent paper presented at
the First World Hydrogen Energy Conference (1) suggested
that the potassium hydroxide electrolyte could be saturated
by dissolving potassium silicates and effectively reduce
the dissolution rate. Various opinilons exist on this phe-
nomenon.

Failure occurs when holes develop in the separator
that allow the passage of electrolysis product gasses from
one slde of the cell to the other. The mechanisms by which
the holes develop are not rigorously understood. Initial
investigations in our project indicated two important fac-
tors on which the scope of the project was based. First,
observation by scanning electron microscopy at 200X and
2000X showed no physical difference in fibers of an un-
exposed separator and those of a totally decomposed separa-
tor. This apparent similarity in fiber morphology indi-
cated no severe chemical atfack. Secondly, the presence of
nucleated gas pockets within the asbestos dlaphragm was
observed. Research efforts were then undertaken to investi-
gate the effect of these gas pockets on separator insta-
bility.

The number and size of nucleated gas pockets within
the diaphragm increased with temperature as predicted by
nucleation and growth theory. The nucleated gasses are
believed to be gasses dissolved in the electrolyte and/or
water vapor particularly when the electrolyte approaches 1ts
boiling temperature. The increase in nucleated gas pockets
with temperature was 1nvestigated by estimating the percen-
tage of surface area containing bubble pockets of a thin ‘
diaphragm. An inverse correlation was found for the appro-
ximate percentage of surface area affected and the wet

- tensile strength of the asbestos separator as a function of

temperature. The correlation is 1llustrated in Figure 1.
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Figure 1. Correlation of the wet tensile strength of
asbestos separator material and the amount of nucleated
gas pockets present in the separator as a function of
temperature.
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A second effect was noticed in a separator which had
been subjected to electrolysis. Small gas pockets were
observed on the surface of the matrix. These gas pockets
are formed by the migration of electrolysis product gasses
into the separator. This effect was observed in a lab-
oratory cell where the electrode screens pressed lightly
against the separator and the separator had a maximum pore
size of approximately 10u. The effect was also observed
for asbestos diaphragm with a maximum pore size of appro-
ximately 5u. The effects of temperature and electrolysis
time on the wet tensile strength of the asbestos diaphragm
were studied and related to the number of gas pockets pre-
sent from internal nucleation and product gas migration.
The internal nucleation was found to be primarily tempera-
ture dependent. The migration effect increased with
temperature, electrolysis time and current density.

As adjacent gas pockets increase in size they tend fo
accumulate. By the accumulation of migration and nuclea-
tion pockets a hole develops through the separator as
illustrated in Figure 2. It has not been determined if the
mechanisms of gas pocket formation and accumulation are res-
ponsible for hole formation in commercial asbestos diaph-
ragms. However, to whatever extent they do occur they will
contribute to the failure of the diaphragm. Furthermore,
both of the gas pocket mechanisms are accelerated at higher
temperatures.

A second phase of the research attempted to modify the
asbestos separator such that the nucleation and migration
mechanisms would be discouraged. The application of a
sultable wetting agent would reduce nucleation sites and
increase the diaphragm's hydrophillicity. This would de-
crease the likelihood of bubbles clinging to the separator
and thus reduce the migration effect. An accelerated test
was designed to evaluate the ability of various wetting
agents to discourage nucleation of gasses within The sepa-
rator. Asbestos was supported in plexiglass "picture frame"
brackets, submerged in 30 wt. % KOH and subjected to in-
creasing temperature. Nucleation was first noticeable in
an untreated asbestos diaphragm around 3/4 of the boiling
temperature (approximately 80°C for 30 wt. % KOH at atmos-
pheric pressure) and increased rapidly from that point.
Rupture occurred near the boiling temperature in less than
10 minutes for untreated asbestos. Treatment with non-
volatile surfactants such as guaternary ammonia salts and
other organic wetting agents did not prolong the failure to
any great extent.
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Physical Failure Mechanism in Electrolysis Cell
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A failrly new and uncommon inorganic wetting agent, tin
hydrosol, was also used as a treatment and the results were
encouraging. The separators treated with the tin hydrosol
lasted much longer than those asbestos diaphragms receiving
other treatment and in most cases survived the accelerated
test without asbestos separator failure. No evidence of
nucleated gasses was observed within the tin hydrosol
treated diaphragms. At this point an investigation to de-
termine 1f the tin hydrosol treatment had strengthened the
asbestos separator material began. This was accomplished
by measuring the wet tensile strength of treated and un-
treated asbestos. An increase in wet tensile strength was
observed and was found to increase with tin hydrosol con-
centration to a maximum at around 10% concentration. The
degree of polymerization (D.P.) of the polymeric tin hydro-
sol was another variable investigated for its effect on the
wet tensile strength (T.S.) of asbestos. It was found that
a higher D.P. resulted in a higher wet T.S.

At this point, a process was developed to effectively
and readily treat asbestos diaphragms with tin hydrosol for
commercial evaluation. Some degree of difficulty was ex-
perienced at first in treating the larger and heavier
commercial diaphragms, but a successful process was deve-
loped. To treat the separators, tin hydrosol was aspirated
through them and then they were rinsed in the same manner.
Polymerization of the tin hydrosol and drying of the dia-
phragm was accomplished by forced hot air. The process
allowed treatment of the commercial diaphragms without
damaging or distorting them as previously employed treat-
ment methods did. A commercial evaluation was then done.
These tests indicated that the tin hydrosol had increased
the diaphragm resistance by about 5%. However, the diaph-
ragms sent for commercial evaluation were treated with a
high concentration of tin hydrosol (about 10%) and had a
high D.P. Further tests were conducted at U. Va. to deter-
mine if a lighter treatment would be effective. The
successful prevention of failure in the accelerated test
occurred for concentrations of tin hydrosol above approx-
imately 3% and for all but the very small D.P.'s.

At thils point, an investigation began to determine an
optimum concentration and D.P. of tin hydrosol such that
the diaphragm resistance could be minimized. It is expec-
ted that the % increase in diaphragm resistance can be
reduced by treatment with a lower concentration and/or
lower D.P. of tin hydrosol. Upon successful optimization
and evaluation at U. Va. more diaphragms will be obtained,
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treated, and resubmitted for commercial evaluation.
Following successful evaluation, 1life tests will be con-
ducted in order to investigate the treatment's effective-
ness in preventing the physical mechanlsms from causing
failure.

During the next phase of our research we plan to carry
>ut the following:

1. Optimization of tin hydrosol treatment for lowest
possible increase in separator contribution to
cell resistance.

2. Commercial evaluation of improved treatment
3. Begin life tests.

4, High temperature evaluation of effectiveness of
tin hydrosol treatment.

5. Investigation of the individual electrode over-
potentials as affected by the presence of various
concentrations and D.P.'s of tin hydrosol.

6. Scanning electron microscopic study of the effect
of the tin hydrosol treatment on the porosity of
asbestos diaphragms.

7. Investigation of the effectiveness of other availl-
able hydrosol wetting agents as treatments for
asbestos separator material.

ference

P. Godin, R. Graziotti, A. Damien, and P. Masnlere
"Study of Corrosion of Asbestos in a Mixed Solution of
Concentrated Caustic Potash as a Function of Tempera-
ture", presented at the First World Hydrogen Energy
Conference, University of Miami, Coral Gables, FL,
March, 1976.
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SEASONAL ENERGY STORAGE REQUIREMENTS

T. M. Goff and W. C. Chambers
Institute of Gas Technology
3424 South State Street
Chicago, Illinois 60616

The objective of this project is the assessment of.
seasonal energy storage requirements, and therefore the
conclusions drawn from its development have a much broader
relevance than to just chemical energy storage. None of
the tasks are directly related to an assessment of any
particular storage system; instead an attempt has been
made to provide parameters for the realistic evaluation of
storage options. Quantification of the residential heating
and cooling markets, including their seasonal variations,
shows how much storage is actually required and when. 1In
addition, a survey of oil and gas storage economics pro-
vides a much needed guideline as to the level that storage
costs must attain to be economically feasible. Finally,

a survey of slow-withdrawal electrical-energy storage sys-
tems and their applicability to seasonal variations in
demand is made to answer the questions that are logically
generated from an analysis of the demand and storage-
economic sections of the report.

vVariations in Energy Demand for Residential Space-Heating
and Cooling

Time and economic limitations precluded any attempt
to derive functional relationships for residential space-
heating and cooling demands. Therefore, a methodology
relying on published data to ascertain residential energy
sales was developed. Although it is important to be able
to present energy sales data and storage requirements on
a national basis, quantification of the data in a national
overview would only mask the disparities in regional
seasonal variations. Therefore, the data were developed
from a regional perspective and then combined to form the
national overview.




An analysis of the data used in the study shows that
more than 95% of residential heating demand is satisfied by
four fuels: natural gas, fuel oil, liquefied petroleum gas
(LPG), and electricity. Natural gas is by far the largest
source of residential heating energy, accounting for more
than 60% of the total sales for space-heating of the four
major fuels. Fuel oil is second largest with 29% of de-
mand, and the remainder is supplied by LPG (7%) and elec-
tricity (3%). However, recent trends indicate that elec-
tricity is assuming an increasingly larger sector of the
new home market; more new homes were built in 1974 to
heat with electricity (49%) than with any other fuel.

These additions to the rolls of electric heating are
not causing any increase in electricity prices because
they are increasing the load factor for generating capacity
built to serve peak cooling needs. However, a changeover
to electricity as the primary residential heating fuel
would cause a shift in peak demand from summer to winter.
Because of the huge disparity between the heating and
cooling loads, this changeover would face major obstacles,
such as a lack of storage capability, low-load factor,
and inefficient conversion of primary fuels, which would
result in prohibitively high prices.

For example, the highest regional peak and annual
heating sales occurred in the East North Central region
where energy sales in the peak month reached over 333
trillion Btu and annual energy sales for heating were
estimated at almost 1735 trillion Btu. In that same
region, peak monthly cooling demand was just over 8
trillion Btu while total annual cooling sales were only
19 trillion Btu. If all residential heating were done
by electrical resistance heaters, almost 107,000 megawatts
of generating capacity operating at a 75% capacity factor
would be required, or almost 25 times the amount necessary
to provide for the peak summer cooling month.

The highest regional peak cooling sales occurred in
the West South Central region where the monthly peak was
over 18 trillion Btu and annual sales of energy for cool-
ing were 74 trillion Btu. Heating sales for the peak
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month in the same region were over 90 trillion Btu while
annual heating energy sales were only 355 trillion Btu.
This region is more adaptable to an "all-electric" change-
over but would still require 3 times as much generating
capacity to service a winter peak relative to a summer
peak.

The residential energy consumption data generated in
the study shows that in 1975 winter peak heating demand
was 12 times greater than summer peak cooling demand.
(See Figure 1l.) Annual energy sales for heating in 1975
were 19 times as large as air-conditioning energy sales
for the same year. These data represent actual sales to
residential customers and do not reflect the efficiencies
at which these fuels were consumed. For purposes of il-
lustrating the effect of a changeover to electricity as
the primary residential heating fuel, we considered two
electrification scenarios: all-electric resistance
heating and all-electric heat pump. The all-electric
resistance heating and air-conditioning option resulted
in reduced consumption of secondary energy in the resi-
dential sector by almost 40%, but this scenario still
required an unacceptable increase in necessary electric
generating capacity. The other scenario assumed all heat-
ing was done with electric heat pumps having an average
performance coefficient of 2.0; this would have reduced
1975 secondary energy sales for heating to less than 2000
trillion Btu. This is less than one-third of the actual
combined primary and secondary energy sales for residen-
tial space-heating in 1975. The extent of the reduction
in seasonal variation in monthly energy demand resulting
from each of these scenarios is graphically displayed in
Figure 2.

Three scenarios for future growth in residential
energy demand for space-heating and cooling were con-
sidered. For the sake of brevity, only the high- and low-
demand scenarios will be presented here.

The low-demand scenario assumes that the average
growth in heating and cooling demand experienced from
1970 to 1975 will continue through 1980. Thereafter,
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reduced growth rates are estimated through 1990 because of
an expected reduction in the rate of construction of new
housing, impending saturation of the cooling market,
changes in new construction, and retrofitting insulation

in existing dwellings. Air-conditioning energy sales would
still increase at a faster rate than space-heating energy
sales, reducing the disparity between them from 19:1 in
1975 to 10:1 in 1990. A further reduction in that ratio

to approximately 6.5:1 would occur if electrical resistance
became the sole source of residential space-heating energy.

The high space-heating demand scenario forecasts an
increase in space-heating growth of over 50% between 1975
and 1990. It used the natural gas consumption forecasts
prepared by the Gas Requirements Committee and published
by the University of Denver Research Institute. Fore-
casts for growth in residential space-heating consumption
of other fuels were adopted from the Federal Energy Admin-
istration's "best guess" or "$13 reference case," as
presented in their 1976 National Energy Outlook released
earlier this year. The effect of the growth in consump-
tion of these fuels on seasonal monthly demand disparity
would also reduce the ratio of space-heating energy sales
to cooling-energy sales from the 1975 level of 19:1 to
a 1990 level of 14:1. 1If all residential space heating
were done by electrical resistance heating, the disparity
would be reduced to a ratio of about 8:1.

Summarizing the conclusions of this analysis, sea-
sonal monthly demand disparities are likely to be reduced
under any reasonable space-heating growth scenario. This
will make an electrification scenario more reasonable,
but apparently still impractical without the widespread
adoption of electric heat pumps and the ability to store
at least a third of the energy required for winter space-
heating.

Natural Gas and 0il Storage

The maximum capacity of natural gas reservoirs in the
contiguous United States was over 6600 trillion Btu at the
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end of 1975. This capacity is well in excess of annual
residential consumption, but is only about 40% of gas
utility industry sales. However, it is in excess of var-
iable sales levels related to weather, which are about
4000 trillion Btu. Still, all of the reservoir capacity
is not available to meet demand. A portion of the total
injected gas is required to maintain pressure levels and
is termed "cushion gas." This portion amounted to approx-
imately 2300 trillion Btu in 1975, but the real drawable
reservoir capacity still exceeded total seasonal energy
heating sales by a small margin.

The costs for underground storage, however, are not
insignificant. A typical pipeline operation of great mag-
nitude was recently estimated to contain imbedded histor-
ical capital investment in storage facilities of $1.75 to
$1.80 per 1000 CF of gas withdrawn annually, or about
$0.88 per 1000 CF of gas injected and withdrawn on a total
basis. Operating and maintenance expenses for the storage
operations (excluding depreciation, return, income taxes,
etc.) amounted to approximately $0.09 per combined 1000 CF
of gas withdrawn from storage use. Depreciation, includ-
ing amortization of the approximately 60% of total reser-
voir gas that was utilized as cushion gas, would amount
to about $0.07 per 1000 CF withdrawn, and the return and
income taxes portion of the cost of service are each
between $0.205 and $0.210/1000 CF. The total cost of
service for underground storage services, not including
the cost of gas that was already purchased by the customer
separately, is between $0.65 and $0.70/1000 CF for large-
scale operation of an existing, relatively mature, and
hence low-cost, installation. Recently reported was an
expansion of storage facilities requiring an investment
of approximately $1.78 for each 1000 CF of added storage
capability when growing from 123 billion CF to 134 billion
CF (1000 CF =~ 1 million Btu).

Distillate fuel oil is the second most popular energy
form in the residential heating market. Because it is
used for little else in the residential sector, peak
residential seasonal demand is even more pronounced than
for natural gas. The National Petroleum Council (NPC)
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estimates that minimum operating inventory levels for
distillate fuel o0il are 100 million bbl, with an addition-
al 120 million bbl (primarily east of the Rockies) being
required to build essential inventories by the beginning
of the peak season (November). '

Distillate fuel o0il inventories and storage capacity
are surveyed by the NPC on a periodic basis; the latest
reports, released in 1974, showed the following: Dis-
tillate fuel oil inventories reported to the NPC as of
September 30, 1973, as compared to those reported as of
September 30, 1969, increased to 187.1 million bbl from
185.4 million bbl -- an increase of only 1.7 million bbl.
For the same period, the increase in unavailable stocks
(those not available for consumption, but needed to in-
sure continuity of operation) was 1.1 million bbl.
Seasonal variations for distillate fuel oil from March 31,
1973 to September 30, 1973, showed an increase of 76.8
million bbl, from 110.3 million bbl to 187.1 million bbl.
According to the NPC, an additional 45 to 50 million bbl
of distillates were added by November 1, 1973. There-
fore, seasonal buildup was more than half completed by
September 30. Storage capacity assigned to distillates
in March of 1973 was 284.7 million bbl; by September it
had increased to 302.1 million bbl.

Refinery and terminal storage capacity serves the
dual purpose of enabling the o0il refining industry to
meet summer peak gasoline demand and winter peak heating
demand. After depleting gasoline inventory during the
summer peak demand period, available storage is loaded
with fuel 0il in anticipation of winter peak heating
demand. A typical storage installation, including pumps
and loading facilities, costs approximately $4.75/bbl to
install. This figure can increase to as much as $15/bbl,
given the diseconomies of scale. If the storage facil-
ities are fully utilized (fully loaded to meet peak sum-
mer gasoline demand and peak winter fuel oil demand),
the cost of operating the storage facility, exclusive of
investment in inventory, will add 1.5¢ to 2¢/gal to the
cost of fuel o0il stored at the installation. Similarly,
storage at smaller installations can add as much as 4.5¢
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to 5¢ for every gallon. As a rule of thumb, the cost per
gallon multiplied by a factor of 7.2 yields the cost per
million Btu.

Fuel oil storage at the refinery does not describe
the total fuel oil storage operation, as refinery inven-
tories are transferred to terminal inventories and from
there to oil storage tanks in the residential consumer's
home. If we assume the average residential storage cap-
acity to be 500 gallons, and to require two fills to meet
seasonal heating requirements (140 million Btu), the home-
owner pays more than a penny per gallon to amortize the
installation cost of storage over a 20-year life. Depend-
ing on the size of the storage facilities throughout the
transfer of fuel oil from the refinery to the homeowner,
storage can add between 5¢ and 10¢ to the cost of each
gallon of fuel o0il consumed by residential customers.

Electrical Energy Storage Options

The last portion of the study briefly describes
‘electrical energy storage systems and their applicability
to seasonal storage. While none except pumped-hydro are
in commercial operation, only hydrogen and the operation
of batteries are currently advanced enough to meet elec-
trical enerxrgy storage requirements. Pumped-hydro is al-
ready economical but is limited in site availability.
Batteries large enough to meet seasonal load variations
require prohibitively high initial capital investment.
The primary shortcoming of hydrogen is low overall effi-
ciency. ©None of the technically feasible storage alter-
natives presents a clear-cut economic advantage at this
point, precluding a judgement as to the most advantageous
storage system.
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PRODUCTION ECONOMICS FOR HYDROGEN,
AMMONIA, AND METHANOL
DURING THE 1980-2000 PERIOD

Hampton G. Corneil, Fred J. Heinzelmann,
and Edward S. Nicholson

Exxon Research and Engineering Company
Linden, New Jersey 07036

The objectives of this study are:

(1) to predict quantities of hydrogen needed in the
U.S. during the 1980-2000 period for refinery hy-
drogen, ammonia, methanol, the manufacture of
other chemicals, and for uses requiring ultrahigh
purity hydrogen that are usually provided by elec-
trolytic hydrogen;

(2) to compare hydrogen, ammonia, and methanol manu-
facturing economics during this period for natural
gas reforming, resid partial oxidation, coal
gasification, and electrolysis;

(3) to predict quantities of industrial hydrogen that

‘ are likely to be produced by each process during
this period assuming manufacturing economics will
control the choice of processes;

(4) to identify technology developments that are
likely to have an impact during this period in
reducing the consumption of natural gas and petro-
leum in the manufacture of hydrogen; and

(5) to suggest how ERDA resources could be used to
develop technology that would reduce the consump-
tion of natural gas and petroleum for hydrogen
manufacture.

The process economics data used in this study were pub-
lished as multi-client studies by Chem Systems, Inc. in
November, 1974 and December, 1975. Our study was recently
completed and a draft report was sent to Brookhaven for
review. A few days later we were informed by Chem Systems
that theilr process economics data had been revised to
reflect the unprecedented capital cost escalations that
will occur in the 1975-80 period. These revisions resulted
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in increasing the investments in hydrogen manufacturing
plants by 57% for natural gas reforming; by 51% for resid
partial oxidation; by 40% for K-T coal gasification; by
449 for improved (new) coal gasification; and 12% for SPE
type electrolysis. In view of these substantial invest-
ment changes our study is belng revised.

Table 1 shows the U.S. industrial hydrogen requirements
for the 1980-2000 period. These hydrogen requirements for
ammonia and methanol are the stoichiometric quantity of
hydrogen contained in these products. The natural gas feed
required to manufacture these quantities of hydrogen and
hydrogen containing products are also shown. Assuming all
industrial hydrogen (except electrolytic hydrogen) is made
by reforming, the natural gas requirements will increase
from 0.70 MB/D (crude oil equivalent) in 1980 to 1.60 MB/D
in the year 2000, a growth rate of 4.2%/year. 1In the year
2000, this natural gas requirement will correspond to 18%
of the projected U.S. natural gas consumption, or 7% of the
U.S. crude oil consumption, or 15% of the U.S. crude oil
imports. In that year the requirements for electrolytic
hydrogen will be 256 MSCF/D; this will require 1341 mw of
electricity.

In this study the escalation of coal and electricity
prices and construction costs are projected to be 5%/year
during the 1980-2000 period. Escalation rates for natural
gas and oil prices are forecast to be 6.5%/year due to
combined effects of increasing demand and decreasing
reserves, and also because the price for imported crude oil
is expected to follow world inflation rates rather than
those for the U.S. Production costs for the 1980-2000
period are calculated in this study in constant 1980
dollars. Due to the increase in natural gas and oil prices
during the period, with constant prices for coal and elec-
tricity (in 1980 $), natural gas reforming and resid
partial oxidation will become less favorable compared to
coal gasification and electrolysis.

Table 2 shows the feed stock prices assumed in this
study. The prices of natural gas (or alternative light
hydrocarbon liquids), high sulfur resid, electricity and
construction costs are assumed to be eguivalent in all geo-
graphical areas. Fowever, coal mining costs and coal
transportation costs vary from one area to another thereby
resulting in different prices for coal delivered to plant
sites on the East Coast, Midcontinent, Gulf Coast, and
West Coast.
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The Koppers Totzek process is now used at 15 ammonia
plants located outside the U.S. Although this process is
not attractive for industrial hydrogen production in the
U.S., an lmproved K-T process is being developed that
should make hydrogen manufacture by coal gasification more
attractive. In this improved process (called new coal
gasification) the gasification is conducted at 450 psig
rather than atmospheric pressure now used. This will
reduce plant investment by about 20%.

Although the new coal process will improve coal gasi-
fication economics, and the price of light hydrocarbon
feed stocks will increase relative to coal, natural gas
reforming will continue to be more attractive than coal
gasification for refinery hydrogen production throughout
the 1980-2000 period. These data are shown in Table 3
wherein the advantage of methane reforming over new coal
gasification is shown for the East Coast, the location most
favorable for coal gasification, and the Gulf Coast, the
least favorable location. These advantages are shown for
the most likely, the high, and the low feed stock prices
and sensitivities of investment cost and the escalation of
construction prices and coal prices. At the East Coast
location reforming has a cost advantage in 1980 relative to
new coal gasification of about $2.00/MBtu or 25%.  This ad-
vantage decreases to $0.52/MBtu or 7% by the year 2000.
Advantages for natural gas reforming are substantially
greater for the Gulf Coast location.

Hydrogen manufacture by resid partial oxidation will be
somewhat more expensive during the 1980-2000 period than
by natural gas reforming. Resid partial oxidation will
probably not be used to any significant extent during this
period.

Electrolytic hydrogen costs are substantially higher
than those for natural gas reforming. The market for elec-
trolytic hydrogen will be limited to essentially those uses
that now require ultra-high purity.

As this report goes to press, data using the revised
investments are being developed for ammonia and methanol
manufacture.

It appears that additional process improvements are
needed to provide attractive economics for the use of coal
as a source of industrial hydrogen. ERDA should continue
to identify promising processes for coal gasification for
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hydrogen manufacture and assist in their development. It
is also appropriate for ERDA to assist in the development
of 1mproved electrolysis processes.

TABLE 1

U.3. INDUSTRIAL HYDROGEN REQUIREMENTS, 1980-2000

Year 1980 1990 2000

Hydrogen Requirements,
1015 Btu/yr, for

Petroleum refining 0.21 0.38 0.56
Ammonia 0.46 0.66 0.90
Methanol 0.08 0.14 0.23
Other chemicals 0.14 0.23 0.37
Ultra-high purity (electrolysis) 0.01 0.02 0.03
Total 0.90 1.43 2.09
Natural Gas Feed Stock Required
to Manufacture Hydrogen¥, MB/D
Crude Equivalent
Petroleum refinery hydrogen 0.15 0.27 0.39
Ammonia 0.36 0.51 0.70
Methanol 0.09 0.16 0.25
Hydrogen for other chemicals 0.10 0.16 0.26
Total 0.70 1.10 1.60
Electricity Required for
Electrolysis, mw 350 660 1300

¥Assuming natural gas reforming is used to manufacture
all industrial hydrogen except for electrolytic hydrogen.
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I TABLE 2

U.S. ENERGY PRICES IN THE 1980-2000 PERIOD
($/MBtu, 1980%)

Prices Most
Minimum Likely Maximum

Natural gas 1980 2.50 3.15 3.40
2000 3.37 4,24 4,58
High sulfur resid 1980 1.57 2.35 2.75
2000 2.11 3.17 3.70
High Sulfur Coal, 1980-2000
East Coast 0.73 1.04 1.31
Midcontinent 0.65 0.96 1.35
Gulf Coast 1.24 1.54 1.66
West Coast 0.95 1.25 1.37
Electricity, ¢/kwhr, 1980-2000
Continuous 2.0 2.7 3.0
Off-peak 0.5 1.0 1.5
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TABLE 3

ADVANTAGES FOR NATURAL GAS REFORMING OVER
NEW COAL GASIFICATION FOR REFINERY
HYDROGEN PRODUCTION, 1980-2000
(100 MSCF/D Plants, 1980 $)

Advantage of Natural Csas
Reforming Over New Coal
Gasification, $/MBtu

1980 2000
Fast Coast Location
Most 1likely feed prices 1.86 0.44
High feed prices 2.03 0.49
Low feed prices 2.13 1.00
10% additional investment 2.17 0.75
Construction costs escalate +1%/yr. - 1.31
" " / " -1%/yr. - -0.78
Coal prices excalate +1%/yr. - 0.86
" " " -1%/yr. - 0.10
Gulf Coast Location
Most 1likely feed prices 3.73 2.31
High feed prices 3.82 2.28
Low feed prices 4,22 3.09
10% additional investment h.14 2.54
Construction costs escalate +1%/yr. - 3.44
1" " 1" _l%/yr. —_—— 1.39
Coal prices escalate +1%/yr. - 2.89
" " " -1%/yr. - 1.84
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DEVELOPMENT OF A PRACTICAL PHOTOCHEMICAL
ENERGY STORAGE SYSTEM

Richard R. Hautala, Charles R. Kutal
’ R. Bruce King
Department of Chemistry
University of Georgia
Athens, Georgia 30602

Introduction

The concept of a fuel source based on photochemical
reactions which generate products of high energy content
(which can in turn be reconverted at will to the original
material) is exceedingly attractive in that a virtually
inexhaustible source of energy (sunlight) is converted
into a usable form with no net consuption of resources.
The photosensitized conversion of norbornadiene to quad-
ricyclene (Figure 1) is a promising method for storing
energy from sunlight. A device based on this reaction re-
quires two steps: (1) Energy storage through the sensiti-
zed photolysis of norbornadiene to quadricyclene in an
endothermic reaction; (2) Energy release through the ca-
talyzed reconversion of quadricyclene to norbornadiene in
an exothermic reactions. Sensitizers for the first step
must absorb strongly in the region of available solar
energy be thermally and photochemically stable and, of
course, efficiently effect the desired sensitization.
Ideal catalysts for the reverse reaction must also meet
stringent criteria including long term stability along
with the obvious requirement of effecting rapid and clean
conversions. Many of the best available candidates are
prohibitively. rare and expensive. Introduction of the
sensitizer and catalyst onto separate polymeric supports
facilitates the construction of an actual device by keep-
ing the sensitizer and catalyst separate from each other.
An energy storage device based on these principles could
result in the practical use of solar energy for heating
buildings and related applications.

The Solar Energy Storage Program at the University
of Georgia is directed towards the development of this
promising system. The efforts of the research group can be
classified into four categories:
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. Sensitizer Development

. Catalyst Development

. Polymeric Anchoring of Sensitizer and Catalyst
. Prototype and Test Systems

Each of these phases will be discussed with respect to
results attained to date and future plans.

=W N

Sensitizer Development

The fact that the absorption spectrum of norbornadi-
ene does not overlap at all with the solar radiance spec-
trum precludes the direct conversion of norbornadiene to
quadricyclene. This apparent obstacle is easily circum-
vented by use of a photosensitizer. The sensitizer should
ideally absorb a large fraction of available solar energy
and at the same time efficiently effect the desired trans-
formation. Our efforts have concentrated on (1) surveying
a wide variety of potential candidates and (2) studying
the mechanism of sensitization in order to intelligently
design new candidates offering improved characteristics.
The best available candidate is 4-(N,N-dimethylamino)-
benzophenone which sensitizes with 100% quantum efficiency
and absorbs out to 435 nm (capturing 10.2% of available
solar energy).

We have also considered transition metal compounds
as sensitizers for the desired energy storage step, since
(1) they can strongly absorb light in the near ultra-
violet-visible wavelength region, (2) they possess bind-
ing sites which may promote new, low energy pathways, and
(3) they are known to undergo a variety of thermal reac-
tions which can lead to useful catalytic schemes. Results
to date indicate that complexation of norbornadiene to a
metal provides a potentially useful route to sensitiza-
tion. Thus several copper (I) compounds have been found to
sensitize the conversion of norbornadiene to gquadricy-
clene with high quantum efficiency. Work in progress is
aimed at (i) increasing the stability of the metal toward
destructive side reactions, and (ii) binding a strongly
absorbing chromophore to the metal so as to increase ab-
sorption in the wavelength region of available solar
energy.

‘Catalyst Development

An important aspect of this project is the develop-
ment of catalysts of high activity, high specificity, and
low cost for the conversion of quadricyclene to norborna-
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diene. We have therefore been searching for new struc-
tures with the desired catalytic acitivity.

At the start of this project the two known most
active types of catalysts were certain rhodium (I) com-
plexes and cobalt (II) porphyrins. In order to gain a
more detailed insight into the structure-activity rela-
tionships for the rhodium (I) catalyzed conversion of
quadricyclene to norbornadiene, numerous rhodium (I) com-
plexes were screened for catalytic activity. In general,
the introduction of tertiary phosphine or cyclopenta-
dienyl ligands was found to decrease markedly or even de-
stroy the catalytic activity of the rhodium (I) complexes
apparently by blocking coordination positions needed for
the catalytic action.

- A drawback of rhodium complexes as catalysts in a
practical solar energy storage system is the high cost of
the metal. We are searching for similar complexes of less
expensive metals with the desired catalytic activity. A
promising lead is our observation of the high catalytic
activity of the triphenylcyclopropenylnickel complexes

H ) 3C NJ.(CO)X]2 (X=Cl1 and Br) as well as their pro-
duc ] w1t alkylmagnesium halides in tetrahydrofuran which
might be the alkyls (C6 5)3 3Ni(OC H )2R (R=CH3,C2H5,
(CH3) CH, (CH,),C, and C;H;). Further work is in“pfogress
in connectlon w1th the chaYacterization of these cata-
lytically active triphenylcyclopropenylnickel complexes
as well as the preparation of additional triphenylcyclo-
propenylnickel derivatives for evaluation of their cata-
lytic activities.

Polymeric Anchoring of Sensitizer and Catalyst

Implementation of the norbornadiene-quadricyclene
interconversion as a practical device requires a number of
considerations. The need to physically constrain the cata-
lyst for the heat-releasing reaction to the "catalytic
chamber" is obvious. Similar confinement of the photosen-
sitizer to the "irradiation chamber" is desirable for a
number of simple reasons. The absolute quantity of sensi-
tizer needed can thus be reduced by several orders of mag-
nitude. Periodic replacement of the photochemical fluid
would not necessitate replacement of the sensitizer and
vice versa. Undesirable interactions with the catalyst (in
the catalytic chamber) would also be avoided. We have
begun investigations concerning achieving the desired im-
mobilization by covalent attachment of the catalyst and
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sensitizer to insoluble polymeric matrices.

At the outset of our studies little was known about
the feasibility of efficient polymeric catalysis and
photosensitization. We have successfully achieved the
synthesis of a polymeric catalyst and several polymeric
sensitizers, and each has been shown to perform satisfac-
torily. However, studies concerning optimization of the
large number of parameters involved are in their infancy.
The best available candidates are shown in Figure 2.

Prototype and Test Systems

The requirement that a practical solar energy sto-
rage system based on the norbornadiene-quadricyclene in-
terconversion can be repeatedly cycled without degrada-
tion of the key components (sensitizer, catalyst, storage
medium) is quite stringent. If one percent of norborna-
diene (or quadricyclene) is lost per cycle via conversion
to side products, only 37 percent of the original C7 hy-
drocarbons will remain after 100 cycles. Sensitizer'and
catalyst candidates which appear to function cleanly on
the basis of initial screening experiments may therefore
prove to be unsatisfactory upon several repetitions of the
energy storage-energy release steps. For this reason it
is of key importance to test the ability of system to be
cycled numerous times without significant losses of any
of the components.

Such testing will be undertaken utilizing a small
scale laboratory model now under construction. The design
of the model (Figure 3) allows considerable breadth as to
the types of experimental information which can be obtain-
ed. For example, losses of norbornadiene or quadricyclene
via undesired side reactions can be monitored during re-
peated cycling of the system. In addition, sampling valves
located before and after the photochemical and reversion
chambers allow the conversion efficiency of a single en-
ergy release step to be determined. A decreasing efficien-
cy would be indicative of a loss of activity of the sensi-
tizer or catalyst. The use of a variable speed pump also
allows the conversion efficiency to be monitored as a
function of the flow rate in the system.

Information obtained from the laboratory model will
be useful in suggesting improvements in the overall

62




functioning of the system. Ultimately, these improve-
ments can be incorporated in the design of a commercial
energy storage prototype.
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Prototype Test System - Schematic
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THE METAL HYDRIDE HYCSOS SYSTEM FOR (#)
SOLAR HEATING, COOLING AND ENERGY CONVERSION,

D. M. Gruen, R. L, McBeth, M. Mendelsohn, J. M. Nixon,
F. Schreiner, and I. Sheft
Chemistry Division, Argonne National Laboratory,
Argonne, Illinois 60439

I, Introduction

Thermal energy storage in the low temperature region

(< 150°C) is a fertile area for advances over existing
technologies, particularly in the hitherto virtually
neglected field of chemical bond energy storage. For this
purpose, the metal hydrides represent a class of poten-
tially interesting materials., Their use in an integrated
system for thermal storage, space conditioning and refrig-

} eration as well as for power production is described in

| this paper. The initial description of the overall con-
cept has been given. (1) A thermodynamic analysis of the
efficiency of the energy conversion cycle has also
appeared. (2) A recent paper discussed in detail the var-
ious functions of the total system with the help of heat
transfer fluid and hydrogen gas flow diagrams. (3) An anal-
ysis of certain special features associated with the use
of alloy hydrides which make them virtually unique for
solar energy applications was also given.

II. Special Features of the HYCSOS System for Solar
Energy Utilization

Two aspects of solar energy, its diffuse and intermittent
nature, dictate optimization in all of the systems employed
in the utilization of this renewable resource. Although
solar energy is usually considered to be ideally matched
to the task of direct space heating, collector tempera-
tures, particularly in the case of high performance col-
lectors for space cooling purposes, exceed the requirements
) for optimum second law efficiencies. A system operating

on the heat pump principle could make optimum use of high-
er collection temperatures to store thermal energy, for
| space conditioning and for reasonably efficient conversion
‘ of heat into work. The two metal hydride or HYCSOS concept
is such a system and offers the possibility of reducing the
required solar collector area by 40% compared to thermal
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storage systems not utilizing the heat pump principle.
Because of the three possible modes of operation, HYCSOS
can make flexible use of the widely varying supply of solar
energy. Furthermore, the use of heat transfer fluids
allows ready substitution of electric power for solar ener-
gy and efficient use of both energy sources for heating or
cooling purposes because of heat pump operation. A hybrid
system for space heating and cooling involving the use of
solar as well as electrical energy has often been con-
sidered and appears to be very attractive for use with the
HYCSOS concept. A hybrid system has the desirable feature
of reducing the troublesome problems associated with long
term or seasonal thermal energy storage.

Some of the special features associated with the HYCSOS
system for solar energy applications are listed below.

1) High second law efficiencies by heat pump action in
both thermal storage and cooling modes.

2) The consequence of heat pump action in the thermal
storage mode is that collector temperatures (X 140°C) can
be used to decompose the high temperature hydride while at
the same time using the heat of formation of the low
temperature hydride at ¥ 50°C for space heating. The full
heat of formation of the high temperature hydride is re-
covered by heat pump action in the absence of insolation.
If the solar collector is to provide one Btu for space
heating during the day while at the same time placing one
Btu into thermal storage, the theoretical reduction factor
in solar collector area is 1 - A H)ow/A2Hpigh- Since the
heats of formation of MnNig and LaNig are in the ratio
5.6/7.2, the solar collector area could be reduced 40%
with this particular hydride combination compared to
equivalent collector operation with non heat pump storage
materials.

3) In the cooling mode, direct conversion of thermal
energy into cooling power by heat pump action can be
achieved, thus circumventing for example primary conver-
sion of solar thermal energy to work in a Rankine cycle
for subsequent operation of the compressor of a conven-
tional air conditioner.

4) The application of materials engineering to alloy
hydride systems so as to "tailor" them for optimum per-
formance over preselected temperature limits. Calcula-
tions on the LnNig - LaNig pair show that operation
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between ~ 100°C and -20°C is possible offering the oppor-
tunity for space conditioning and refrigeration applica-
tions at modest collector temperatures.

5) Straightforward substitution of electric for solar
energy to operate the system, thus offering integration
into an electric utility network.

6) Hybrid operation using both solar and electrical
energy with high second law efficiencies provides the
opportunity for minimizing long term thermal storage
capacity while maximizinag energy utilization in a flexible
manner,

7) Operation in the energy conversion mode, if com-
petitive with photovoltaic or other solar energy conver-
sion schemes, could help to meet residential electrical
energy needs. Much development work needs to be done in
this applications area. The possibility of HYCSOS opera-
tion in heating, cooling and conversion modes in a single
system provides an incentive to develop hydride technology
for use in this flexible manner.

8) Since metal hydrides decompose over a range of
temperatures, thermal storage is not critically dependent
on collection temperature. These materials offer thermal
storage capabilities achieved only in so-called "cascade"
collection systems which employ more conventional thermal
energy storage materials.

9) In common with other chemical bond storage mater- .
ials, metal hydride storage materials require no insula-
tion and provide indefinite storage of thermal energy.

10) The metal hydrides possess quite high volumetric
thermal energy storage capacities and compare favorably
with the best phase change media so far available.

11) The incorporation of heating, ccoling and power
conversion functions into a single system based on metal
hydride technology may offer economic advantages over
separate systems each designed to perform only one of
these three functions.
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IITI. Conceptual Operation of a Hydride Conversion and
Storage System (HYCSOS)

Because of their desirable properties, binary metal as
well as alloy hydrides have been proposed as media for the
storage of thermal energy (1-4) as well as for thermal
energy conversion cycles. (1-3, 5-8)

Metal hydrides were proposed and are being tested
(9, 10) as off-peak energy storage systems. In this appli-
cation, the large volumetric storage capacity of some
metal hydrides for hydrogen is combined with the high free
energy of formation of water from hydrogen and oxygen to
furnish electrical power through a fuel-cell-electrolysis
cycle. The application of metal hydrides for storage of
thermal energy imposes different constraints on the hy-
dride system chosen, requiring an optimization of thermal
energy stored at temperatures and pressures compatible
with solar energy collection.

Schematic diagrams of the two metal hydride concept
for solar energy applications were shown and described
in earlier papers. (1-3) Thermal energy from a solar col-
lector is used to decompose a hydride (M;H) such as
LaNigHg, which becomes the primary solar energy unit. The
released hydrogen is stored as a hydride (MjH) such as
LnNisHg, where Ln stands for another lanthanide metal.

The use of a system of reversible metal hydrides offers
a variety of possibilities for solar energy use and con-
servation. With three units in tandem, solar energy can
converted directly to electricity. Operation in a reversed
"heat pump" mode allows the system to be used in space con-
ditioning and in refrigeration applications. Each of these
functions will be discussed in turn in the following sec-
tions.

A. Thermal Energy Storage Mode

For solar energy storage and recovery heat transfer
fluid coming from the solar collector is pumped through
the heat exchangers of two storage units filled with M;H
(LaNigHg). Heat is absorbed from the fluid by MjH which
thermally decomposes to give Mj + Hp. The Hy is allowed
to flow into two storage units filled with M3 (LnNig) where
it reacts to form M2H (LnNigHg). The heat of reaction is
removed by fluid coming from a second heat transfer loop.
The M, storage units are maintained at 50°C so that the

68




heat of the reaction 2M; + H, = 2M;H is available at that
temperature for space heating. Thermal decomposition of M, H
can occur at temperatures of 0°C and below by heat absorp-
tion from the ambient environment.

B. Space Conditioning and Refrigeration Mode

The ability of metal hydride systems, and in particular
the LaNig-LnNig pair, to function in space conditioning and
refrigeration applications has also been discussed. (2, 3)
In operation heat transfer fluid from the solar collector
at temperatures of 105°C or higher is circulated through
LaNigHg decomposing it and storing the hydrogen in LnNig
while rejecting the heat of recombination to outdoor
ambient at 35°C. At the same time, LnNigHg in another
container releases hydrogen by absorption of heat from in-
door ambient at temperatures down to -24°C. This hydrogen
is stored in LaNir in a fourth container while rejecting
the heat of recombination to outdoor ambient at 35°C. A
continuous flow of hydrogen can be maintained and therefore
continuous cooling power can be provided by switching the
flows of heat transfer fluid as well as the hydrogen gas
flows. (3)

To estimate the cooling power obtainable with the
LaNig- LnNig demonstration system, one needs to know the
heat of dissociation of LnNigHg, and the number of moles of
hydrogen dissociating per unit time. Taking the heat of
dissociation to be 5.6 Kcal, the quantity of hydrogen to be
33 moles and a cycle time of 4 minutes gives a cooling
power (down to =-24°C) of ~ 3200 W. The minimum heat input
at the minimum collector temperature of 105°C is 4142 W.
However, a small loss (v 15%) of cooling power arises from
the necessity to cool the container with LnNig from 35°C
to the lowest temperature in the cooling cycle.

C. Energy Conversion Mode

The HYCSOS system also lends itself to conversion of
thermal energy into useful work as electricity. The mech-
anical work could be used to drive the compressor of a
conventional air conditioning system. Alternatively,
electrical energy for home use could be generated. In the
energy conversion cycle, high pressure Hy at ~ 50 atm
generated by passing hot fluid coming from the solar col-
lector through the first of three MjH storage units, is
allowed to do work in an expansion engine. The cooler,
lower pressure Hy exiting from the expansion engine is fed
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into a second storage unit containing M; where it reacts

to form MjH, (For maximum Carnot efficiency, the temper-
ature of the reacting unit should be kept as low as possi-
ble. However, in practice it may be desirable to generate
electricity and to provide space heating at the same time.
In the event, the reacting unit could be kept at 50°C at

a sacrifice of some conversion efficiency). After the reac-
tion 2My + H2 = 2MjH is complete in the second unit, the
hot fluid flow is directed through the heat exchanger in
this unit. The high pressure H; produced by thermal decom-
position is now fed into the third storage unit containing
M;. While the hydriding reacting is occurring in unit
three, the first storage unit is cooled to reaction temper-
ature. By using three storage units which are alternately
desorbing hydrogen at a lower temperature and lower pres-
sure, a practically constant flow of hydrogen should be
maintained through the expansion engine and therefore a
steady power generation should be achieved. The cycle time
is determined primarily by the time needed for absorption
which in turn is strongly dependent on the heat transfer
from the cooling fluid to the absorbing metal powder. In
cyclical fashion, one unit is always desorbing, one is
absorbing, and one is in the process of heating up or cool-
ing down. (11-13) By expansion of the high pressure hydro-
gen through a suitable expansion engine, a certain amount
of work is produced. For a top temperature of 140°C and
absorption at ambient temperature, 298.2 K, the maximum
efficiency is

 413.2-298.2 _
= 137 = 0.28,

i.e., 28% of the heat absorbed by the hydrogen during dis-
sociation can in principle be converted to electricity.

It is of interest to estimate the performance of a
small scale system based on v 30 1lbs. of LaNig involving a
total of 33 moles of hydrogen. The dissociation pressure
is given by the equation

_ 1587
log10 Patm - T

+ 5.60,

resulting in an equilibrium dissociation pressure of 57.2
atm at 140°C, and of 1.9 atm at 25°C. 1In practice, the
equilibrium pressure calculated using the above equation

is an upper value. During desorption at 140°C the H,
pressures are strongly composition dependent and absorption
at ambient temperature will require a pressure head. It
will be assumed here that hydrogen at 50 atm is available
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for operation of the expansion engine. The low-pressure
at which absorption takes place is assumed to be 3 atm.

The heat of dissociation is 30.3 kJ/mol of hydrogen.
During decomposition of 33 moles of hydrogen, therefore,
1000 kilojoules of heat have to be supplied. Assuming the
expansion engine to be 90% efficient means that 33 moles
of hydrogen yield 197.3 kilojoules of electricity, i.e.,
19.7% of the heat supplied during desorption was converted
into work.

Under actual conditions losses will be incurred during
the warming and cooling of the hydride containers. Part
of the heat that has to be removed from the hot container
during cooling could be recovered and used to raise the
temperature of the unit to be heated next. For this pur-
pose a buffer volume of heat exchange fluid is needed. The
temperature of the buffer fluid can be cycled in a range
intermediate between 25°C and 140°C, e.g., between 70 and
90°C. To cool a unit from 140°C the 70° warm fluid can
be circulated until a temperature near 90°C is reached. To
cool the unit further, coolant can be used without heat
recovery. Similarly, if a unit is to be heated subsequent-
ly, the buffer fluid at 90°C can be used to reach a temper-
ature near 70°C. In this fashion at least part of the in-
ternal energy of the hydride containers can be cycled be-
tween the three units in a regenerative way.

The burden of unavoidable heat losses for the complete
cycle is estimated to be 15% of the heat required for the
dissociation of the hydride.

71




(#)

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)
(9)

(10)

(11)

IV. References

Work performed under the auspices of the U.S, Energy
Research and Development Administration.

D. M. Gruen and I. Sheft, "Metal Hydride Systems for
Solar Energy Conversion and Storage", Proceedings of
the NSF-ERDA Workshop on Solar Heating and Cooling of
Buildings, Charlottesville, Va., April, 1975.

D. M. Gruen, F. Schreiner, and I. Sheft, Proc., First
World Hydrogen Energy Conference, Miami Beach,
Florida, March, 1976.

D. M. Gruen, R. L. McBeth, M. Mendelsohn, J. M. Nixon,
F. Schreiner and I. Sheft, 11lth IECEC Record, Vol. 1,
p. 681, 1976.

G. Libowitz, Proc. of the 9th Intersociety Energy
Conversion Eng. Conf., San Francisco, August, 1974.

W. Winsche, "Intermittent Power Source", U.S. Patent
#3,504,494 (April 7, 1970).

J. R. Powell, F. J. Salzano, Wen-Shi Yu, and J. S.
J. S. Milau, "High Efficiency Power Conversion Cycles
Using Hydrogen Compressed by Absorption on Metal Hy-

drides, " ICEC Record, 1339 (1975).

S. Wolf, "Hydrogen Sponge Heat Pump", ICEC Record,
1348 (1975).

J. G. Cottingham, BNL-19914, March 20, 1975.

G. Stickland, J. J. Reilly and R. H. Wiswall, Paper
S4-9, THEME Conference Proceedings, Miami Beach,
Florida, March 18-20 (1974).

F. J. Salzano, Editor, Hydrogen Storage and Production
in Utility Systems, Brookhaven National Laboratory,
BNL-19249, July, 1974.

H. H. van Mal and A. Mijnheer, Proc. Fourth Int. Cyro-
genic Eng. Conf., ICEC 4, 122 (1972).

72




(12)

(13)

G. Prast, C. M. Hargreaves, A. Mijnheer, and

H. H. van Mal, Progr. in Refrigeration Science

and Technology, Proc. XIII Int. Congr. of Refriger-
ation, Vol. 1, 37 (1973).

O. Boser and D. Lehrfeld, IECEC 1975 Record,
p. 1363.

73



THERMO-CHEMICAL ENERGY CONVERSION AND STORAGE

A. B. Ritter and G. B. Delancey
Stevens Institute of Technology
Department of Chemistry and Chemical Engineering
Hoboken, N.J. 07030

The overall objectives of the program are to design,
construct, and operate a pilot scale version of a pro-
cessing scheme by which thermal energy may be absorbed,
stored, and retrieved on demand. The thermal energy will
be stored in high energy Chemical Bonds. Energy retrieval
and absorption stages will be accomplished through the
cleavage and formation of chemical bonds that take place
during a reversible chemical reaction. After reviewing a
number of candidate reactions, the reaction which appeared
most promising to us is the vapor phase hydrogenation of
benzene to cyclohexane

CgHg + 3H, ¥ CgHyp  (-8Hg) = 49.25 Keal/g -mole |
The choice was based on the following considerations.

a. The reaction is catalytic and both the forward and
reverse reactions represent existing commercial technology.
Catalysts are readily obtainable and data on the kinetics
of the forward reaction exists in the literature.

b. Both benzene and cyclohexane are liquids at ambient
temperature and pressure so that separation of the hydrogen
from the mixture will be straightforward and relatively in-
expensive. Hydrogen will be stored as a compressed gas or
in hydride form.

c. The reaction proceeds at 400-600°F at 1 atm, which
is within the temperature range capabilities of existing
solar concentrator designs and waste heat streams from
existing nuclear reactors.

d. The dehydrogenation step is endothermic and will be
used as the energy absorption step while the hydrogenation
step is exothermic and will be used as the energy recovery
step.

e. The energy recovery step can take place in a
pressurized boiler of conventional design (boiler-reactor).
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The result will be'a'programmed flow of saturated steam
which can be used for electrical power generation by con-
ventional means.

Before an adequate pilot plant design can be formu-
lated, however, several questions must be answered. The
most Iimportant of these for design purposes concern the
intrinsic kinetics of the dehydrogenation (endothermic) re-
action. Although kinetic data are available in the litera-
ture for the catalytic hydrogenation of benzene (exothermic)
which can be used for design, very little useful design
data exists for the catalytic dehydrogenation reaction and
must be developed. Other areas for investigation concern
catalyst deactivation, catalyst attrition during cycling
and side reactions. Although there 1s no evidence of side
reactions occurring in this system, there may be some crack-
ing of the cyclohexane and benzene rings if the reaction is
run at high enough temperature. Next the whole question of
control of such a process must be investigated. Even
during periods of regular operation, a solar driven thermal
energy storage-recovery system would be operated cyclicly.
The control algorithms which would take the process from
the storage to the recovery mode or vice-versa must be de-
veloped since these involve the non-steady state operation
of catalytic reactors. Moreover, if the system is to res-
pond to demand or supply (cloud cover) changes, these must
be incorporated into a rational control scheme. Finally,
since hydrogen is one of the products (reactants) in the
process, a hydrogen storage facility must be designed. The
question then arises as to how 1s the best way to store hy-
drogen. Should we design a conventional compressed gas
storage facility? Should hydrogen perhaps best be stored
as a liquid? What about hydride storage and recovery?

Each of these storage modes have assets and limitations and
involve different energy and economic contributions to the
overall process design.

The objectives of the initial phase of the study are
twofold.

a. To experimentally obtain the apparent kinetics of
cyclohexane to benezene and hydrogen. Apparent kinetics
in lieu of intrinsic kinetics, which are partially avai-
lable in the literature, are most appropriate for the de-
sign of full-scale reactors.

The data will be taken at atmospheric pressure in
the temperature range of 400-600°F over a commercially avai-
lable naphtha reforming catalyst. The effect of a nitrogen
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diluent, which may be used for flushing during shutdown

of a commercial unit, will be investigated. Catalyst deac-
tivation and attrition during cycling will be investigated
in the proposed reaction environment.

The experimental apparatus is a fully instrumented
internal recirculation (gradientless) reactor connected to
a gas chromatograph. The catalyst testing facility is
also planned for later use in obtaining or verifying avai-
lable benzene hydrogenation kinetics (exothermic step) and
for the evaluation of other chemical systems that appear to
be appropriate for the collection and storage of thermal
energy.

b. A model that will realistically describe the tran-
sient behavior of a gas phase catalytic reactor dedicated
to the collection of thermal energy will be formulated and
computerized. The model will have the capability of accep-
ting measured transient data of solar 1solation and ambient
temperatures as well as parameters which describe the col-
lection system. The collection system is envisioned in
this study as being a solar collection device whose perfor-
mance has already been characterized. The model will be
applied to the cyclohexane dehydrogenation system for the
purposes of evaluating startup, shutdown, and control
algorithms.

The model will be used in the later stages of the
development program for pilot plant design and control.
It can also be utilized for the evaluation of other chem-
ical systems and for the application of the converter to
other thermal energy sources, such as waste heat from a
nuclear reactor installation.

STATUS OF PROGRAM-

Experimental: The internally recirculated (gradient-
less) reactor has been set up and instrumented for temper-
ature, pressure and flow control. A gas chromatograph with
a programmable automatic sampling valve has been attached
to the reactor and a chromatographic separation column has
been calibrated for the system benzene-cyclohexane. A
calibration curve has been prepared relating % area under
each curve to % cyclohexane in the sample over the range of
data expected.

One run has been made at 600°F and 1 atm over the
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naphtha reforming catalyst and gave an equilibrium con-
version of 98%(based on cyclohexane).

Theoretical: A model has been formulated which des-
cribes the transient behavior of a gas phase catalytic re-
actor dedicated to the collection of thermal energy.

Most heat exchangers including solar collectors, in-
volve the passage of thermal energy through the wall of a
circular pipe into a heat transfer fluid which flows
through the pipe. Differences lie primarily in things
external to the pipe.

The approach that has been taken is to develop the
analysis for the circular pipe and a reactive working fluid
while the external geometry is reflected in appropriate
model parameters. In this way, the model is not unneces-
sarlily burdened with a particular energy source configura-
tion and has the flexibility of evaluating different
alternatives. However, since the primary thrust of the
overall effort is directed toward solar applications, the
exfernal configuration is assumed to be a solar collector.
Minor modifications will be required for other applications
such as waste heat-collection from nuclear reactors.

The model consists of the following dynamic equations
for a single reversible catalytic reaction of arbitrary
stoichiometry and number of components in which the acti-
vity of the catalyst is constant. The continuity equations
(mass balances) are given by:

3C .  5(qC )
i 1" _wyr i=1,2,...., n-1 (1)

at BVR

In general, only n-1 equations are required since an overall
mass balance then yields the nth component.

where I v, A, = (0 ¥
i %1

¥ v; =0 for inert components (e.g., N2) so that all species

are included in this formulation.
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a - volumetric flowrate based on the total reactor
volume and may vary with position and time

n - number of components plus number of inerts
Ci - molar concentration of speciles 1

r - overall rate of reaction (moles/sec/ft3)
VR - total reactor volume

The reaction kinetics are assumed to be "apparent ki-
netics" so that internal diffusional and heat transfer res-
trictions are automatically included. However, external
heat and mass transfer effects are excluded and will have
to be evaluated at a later stage. The reactions rate r is,
in general, a nonlinear function of the concentrations of
the n species and temperature.

One now needs an independent equation for the flowrate,
g. While any valid equation of state can be used; for sim-
plicity and as a reasonable approximation an ideal equation
of state is assumed. A further reasonable assumption is
that the pressure 1s constant with distance (the pressure
drop in the tube is small), but may vary with time since
the feed flowrate will be used as a control variable to
compensate for variations in solar energy and ambient tem-
peratures. This yields a differential equation for q as
follows:

n-1 n-1
3C M _P(t) o 3C
T (Mk—Mn) f - n_2__) 5% + I q(t) (Mk—Mn) .
RT 9Vg
k=l k:l
M P(t) M @
t
3 n 38P(t)
( a(t)) ==X + p(t) 24 - —
RT2 3V BVR RT
n n n-1 M, P(t)
p(t) = I MC,= z (Mi - Mn) c, + — (3)
1=1 i=1 RI
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M - molecular weight of species k

k
Mn - molecular weight of species n
P(t) - total pressure in reactor - considered constant

with distance
T - absolute temperature
R - gas law constant
The pressure derivative in eq'n. (2) will be imposed
on the system and will be directly related to the inlet

flowrate.

An energy balance over the reactor ignhoring viscous
dissipation and axial conduction yields

9T T (-amp) q, ()
ot av.  cot TV o cF
3 . c, :

(—AHR) - heat of reaction

Cg - molar heat capacity of the mixture (assuming
ideal mixture)

C - molar density of mixture - I Cy

qv ~ energy input rate per unit volume of the tube

An energy balance on the tube wall yields

4 hi/D1
qy = e ag(t) - n, (T - 1)} (5)
ho+Dihi/DO
€ - efficiency factor which is a function of collector

ct
design. This represents the "effective area'" of
the collector per unit area of outside tube
surface.

qg ~ solar flux, which will be a function of time
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ho - outside film heat transfer cqefficient
Tq - temperature of surroundings

hy - inside film heat transfer coefficient
D;j»Dy - inside and outside diameters of pipe

Here a pseudo-steady state assumption for the wall
temperature was made and radient energy loss was neglécted.

Equations (1), (2), (4) and (5) may be written in
compact notation as:

ik
RN LR R (6)

where the dimension of the system is n + 1 and

Cy> i=1,2,...., n-1
xy = 49T 1i=n (7)
q i=n+1
— -
dlj i= 1,2,.-.., n-1; Vj
Lower (8)
Mj - My, 1 =n; J=1,2,...5 n—lr
5 Triangular
ajy = —MnP/RT i=n; j=n+l
Matrix
0 i=n; j=n+l
R
E?U i=n+l; Vv j

80




" , .
+ = ce.s n=1;
aij q 6j,n+l Ci i=1,2, , n=1; Vg
q (Mj—Mn) i=n; j=1,2,..., n=-1 (9)
b, 4
iJ = -Man/RT2 i=n; Jj=n
o i=n; Jj=n+l
q 6 i=n+1;V.
nj J
S
r—
Vi T i=1,2, , n-1
3P
d; = 4-(M /RT) — i=n (10)
1 n 3t
(2 () a0 ) ( )
r + eq -h (T-T )}1l=n+l
c c¥ cc h +D,h,/D s 0 s
L_ p D o 171" o

Eq'ns. 6,8,9 and 10 then constitute a model for the
gas phase catalytic reactor which will accept experimental
kinetic data and allow us to simulate the effects of such
variables as collector design (€), solar flux variation
(qg), pressure changes, reactor diameter (D;), heat transfer
effect (hj, hg) and ambient temperature variation (T.) on
the startup, shutdown and performance of the thermal con-
verter.

Eguations (6) may be normalized by dividing both sides
by {B}Y  x +1 to give a set of coupled quasilinear hyper-
bolic equaglons. These, along with the appropriate bound-
ary and initial conditions, may be solved using either a
standard finite difference technique (2) or by the method
of characteristics (3). The latter approach involves ftrans-
forming the independent variables so that the partial dif-
ferential equations become ordinary differential equations
along the characteristic curves. This will yield a faster,
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more accurate numerical integration algorithm and will be
the technique we will follow.

Presently the equations are being programmed for solu-
tion on the Stevens PDP-10 digital computer.
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CONVERSION AND STORAGE OF WIND
ENERGY AS NITRATE FERTILIZER

Michael Dubey
Lockheed-California Company
Burbank, CA 91520

Estimates of present fuel resocurces and forecasts of
future energy consumption forebode a growing inability for
the nation to cope with the demand in coming decades. 1In
the search for alternate energy sources, wind is an
attractive candidate, but its energy must be captured and
stored in sufficient quantities during windy days to
provide for the demand during quiescent times. The
National Science Foundation has awarded Lockheed-
California Company a contract to study a unique method for
storing wind energy, one which converts it to a useful
energy product, nitrate fertilizer. This compound can be
manufactured, stored and distributed at a cost competitive
with similar compounds currently made from fossil fuels.
In Lockheed's concept, the wind energy is captured by a
wind turbine, combined with water and air, converted to
anhydrous ammonia, and then to ammonium nitrate solution.
These high energy fertilizer compounds are, in a sense,
the final storage medium for the wind energy.

The research study is investigating technical and
economic feasibility for the concept, identifying the
technical obstacles requiring solution, and defining a
program for demonstration.

Depletion of fossil fuels is having tremendous impacts
on other parts of the nation's economy and life style. In
particular, nitrogen fertilizer manufacture is a high
energy user, but more important, it uses natural gas as
the primary source of hydrogen for ammonia and nitrate.
The cost of nitrogen fertilizers has tripled in the last
three years, primarily because of the natural gas shortage
and rising cost. Since nitrogen compounds constitute 60%
of all agricultural fertilizer(Ref. 1) and fertilizer can
in many instances more than double the average crop yield,
the beneficial impact of fossil fuel conservation and
development of alternate energy sources is easily

4+ ~
understood.

The proposed program is a unique combination of
state~-of-the-art technologies that makes optimum use of
each technology through the synergism of the combination.
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Wind energy conversion systems achieve their maximum
potential when energy storage is provided to smooth the
variability of wind power availability. Storing wind
energy in the form of hydrogen obtained through
electrolysis of water is a proven concept. and
state-of-the-art (Ref. 2). The chemical processes for
creating ammonia and nitrates from hydrogen and nitrogen
have been used for many years (Ref. 3). Large centralized
processing plants have evolved to achieve production
economy, but these require additional energy to solidify
the ammonium nitrate from its water solution state and to
transport the product over very long distances.

In Lockheed's concept, wind energy is captured by a
wind turbine and converted to electricity. The
electricity generates hydrogen and oxygen by water
electrolysis. These products are stored in sufficient
quantities to serve as a constant source of chemical
ingredients and energy to manufacture ammonia and ammonium
nitrate. The process is illustrated in the flow diagram
in Figure 1. A major feature of the process is provision
for purging vented effluents to eliminate environmental
pollution.

The system advantages are obvious:

e Wind energy can be converted directly to a useful
product.

e It can be stored and used on a demand basis.

e Raw materials are abundant and essentially free.

@ Process sites are numerous and wide spread.

e Products can be manufactured in local proximity to
agricultural areas, independent of fuel supplies.
The energy required for distribution can be
conserved.

e The small initial investment enables agricultural

organizations to acquire their own fertilizer
plants and benefit from self sufficiency.
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Other advantages are:

@  Assistance in solving a critical agricultural
problem, the shortages and rising costs of nitrogen
fertilizers. '

e Improved safety through use of an aqueous solution
' of ammonium nitrate rather than the unstable dry
chemical.

e A self help product would become available from the
United States for the emerging nations of the '
world. These countries need an indigenous
fertilizer source before anything else to reduce
their dependency on imported fertilizer or on
fossil fuel with which to make fertilizer.

Although each element of the proposed fertilizer
system is based on proven concepts and is within the state
of the art, questions remain concerning the efficiency of
small fertilizer plants and their economic viability.
Lockheed has teamed with Jacobs Ensineering Company of
Pasadena, California, and other reputable consultants to
analyze these problems. Lockheed is responsible for wind
energy conversion, costing, economic analysis, hardware
development and systems management. Jacobs Engineering
Company is contributing with design and analyses of the
ammonia, nitric acid, and ammonium nitrate processing
equipment. Expertise in high pressure electrolysis
systems is being provided by Jack Allison from Oklahoma
State University.
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. ENGINEERING STUDIES WITH METAL-HYDRIDE TEST BEDS¥

‘ ’f o | by

’ . G. Strickland, J. Milau, W-S. Yu,
M. Rosso and A. Beaufrere
Brookhaven National Laboratory
Upton, New York 11973

INTRODUCTION

Metal hydrides have proven to be an efficient and con-
venient way of storing hydrogen without the disadvantages
of low temperature or high pressure. The best candidate
for wide-scale use today is iron titanium hydride (FeTiH_)
because the reaction kinetics are adequate at readily
available temperatures, and there is an ample supply of
raw materials and some hope that their cost can be appre-
cilably reduced.

Recent studies at BNL have concentrated on determining
the long-term and dynamic behavior of FeTiH, for a time
cycle related to energy storage for an elec%ric—utility
application (10-hour charge or discharge). The work has
consisted of experiments with individual test beds, or
heat-transfer cells, a group of which comprises a hydride
reservoir. Most of the work has been done with units in
which the heat-transport fluid (water) is on the outer
boundary of a cylindrical cell rather than on the inner
boundary or longitudinal axis. 1In the long-term tests the
service life and the effect of atftrition were of primary
interest. The rate information obtained in the dynamic
tests 1s equivalent to determination of the power rating of
the device.

Another important factor in design of a commercial hy-
dride reservoir is the cost of the container material.
Tests are under way to determine if a low-cost steel can be
used to replace stainless steel or aluminum as the material

it . !
e} 23R Na) ar T T o By LY A 1 A ma
of construction for an FeTiH, reservoir. The selected ma-

terial must resist hydrogen embrittlement which results in
loss of ductility and crack growth.

¥ This work was carried out under the auSpices of the

United States Energy Research and Development Admini-
stration.
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LONG-TERM STUDIES AND PHYSICAL BEHAVIOR

The first series of tests conducted on FeTin con-
sisted of determining the extent of attrition and the .
change in storage capacity during accelerated hydride-
dehydride cycling. Early in this work capacity losses were
experienced; small leaks and a cylinder of impure hydrogen
were the causes. Since conversion to welded and O-ring-
seal joints, as well as the use of high-purity hydrogen
(>99.999%), no loss of storage capacity has been discer-
nible after 3500 cycles, using fresh hydrogen for each
hydriding. Tests made by Reilly (1) in determining the
effect of oxygen added to hydrogen have shown that there is
still a significant capacity loss at levels as low as
10 ppm oxygen. Thus hydrogen to be stored as FeTiH, has
to be very highly purified.

The main result of extended cycling is extensive att-
rition and a large increase in pressure drop. Attrition
occurs because the FeTi alloy is embrittled by hydrogen and
expands about 15%. There is more rapid break-up in deep
beds (depth = several bed diameters) because the particles
tend to interlock and cannot readily expand to the free
surface of the bed during hydriding. Thus they are
crunched against each other and break up where embrittle-
ment has occurred.

A related problem in deep beds is that the volumetric
expansion is accommodated by some decrease in the void
space, some vertical expansion toward the free surface,
and more detrimentally, some lateral expansion which can
result in vessel bulging. Comparison tests with deep ver-
tical beds have shown that both moderately- and loose-
packed beds can cause vessel bulging, with the rate being
appreciably greater in the more dense bed. This behavior
poses a problem for large-scale beds because it can limit
the container arrangement and bed depth. Ways of safely
accommodating this volumetric expansion, without greatly
increasing the cost, need to be found.

Pressure-drop measurements taken at various times
during the accelerated-cycle tests with FeTiHy have shown
an increase from a fraction of an inch of water/in. of bed
height (length) to several psi/in. An equation was deve-
loped for calculating the differential pressure vs. parti-
cle diameter at various hydrogen flow rates (2). The
agreement between the calculated values and those measured
in a small test unit was within 6% over the range examined.
From particle-size measurements made on FeTiH, at various
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DIFFERENTIAL PRESSURE (psi/in,)

stages of attrition, it was estimated that after 4000
cycles (design 1ife of 15 years) the average particle dia-
meter would be 10 pm (microns). Using the correlation
developed, the differential pressure in the bed gould be

2 psi/in. for the design flow rate, 2.49 SCFM/ft<. Data
for other conditions are shown in Fig. 1. It is evident
that the differential pressure increases very rapidly for
average particle sizes < 10 um. Additional filter area
will have to be provided where the differential pressure
is consldered excessive.
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FIG. 1 Pressure Drop vs. Particle Size for Hydrogen Flow through a Fixed Bed.

FIGURE 1.

Pressure Drop vs. Particle size for
Hydrogen Flow through a Fixed Bed.
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RATE STUDIES

The most extensive rate studies were made with a 6-in.
diameter test bed* which i1s about 30 in. tall (3). It con-
sists of a cylindrical vessel having an axial porous-metal
tube and a water jacket. The main advantage of this design
is that the water is adjacent to the major area of the bed;
whereas in the usual water-tube design the water is adja-
cent to the minor area of the bed. This test bed contains
84 1bs. of FeTi alloy and has a working capacity of 1 1b.
of hydrogen. Tests have shown that its 10-hour rating
(constant flow rate) is 9 standard liters per minute (SLPM)
for hydriding or dehydriding, using water at 30° and SOOC,
respectively. By using hotter water during the dehydriding
part of the cycle, a higher discharge rate can be sustained
for a shorter period, or a higher terminal discharge pre-
ssure can be attained. At the highest flow rate tested,

40 SLPM, steady flow was maintained for 72 minutes during
charging and 79 minutes during discharging. Tests were
also made at intermediate flow rates, and another interes-
ting test was made for comparison with the performance of
a battery at the half-discharged condition. When the re-
servoir was half discharged at its_10-hour design rating
of 9 SLPM, using water at 80°C 176OF), the flow rate was
suddenly increased to 45 SLPM (limit of meter was 50 SLPM);
the rate was sustalned for 31 minutes and the terminal
pressure was 43 psia. This 31l-minute performance (at 100%
efficiency) 1is equivalent to that of the best lead-acid
battery in the standard 15-second discharge test (130 W/kg).
Thus an FeTiHy reservoir can release much more power upon
sudden demand than can the lead-acid battery under the

test conditions specified; or it can sustain the equivalent
power for a longer time.

Modeling studies of the ESEERCO Test Bed utilizing
experimental values of pressure and a measured, but fixed,
value of thermal conductivity have shown that good agree-
ment can be attained between the analytical and experimen-
tal values for both the hydrogen discharge rate and the
amount of hydrogen discharged. The agreement on tempera-
ture profiles was generally fair to good.

* It is known as the ESEERCO Test Bed because the Empire
State Electric Energy Research Corporation contributed
substantially to its construction and operation.
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CONTAINER MATERIAL TESTING

Five container materials are being exposed to an
FeTiH, environment as part of a cooperative test program
with Sandia Laboratories (SL) (4). The self-loaded ten-
sile specimens were supplied by SL, and the candidate
materials are those which had passed screening tests in
hydrogen at SL. The materials being exposed are: carbon
steels A106B (pipe material) and A516 Grade 70 (plate ma-
terial), low-alloy steel 2%% - %% Mo, aluminum alloy
6061-T6, and stainless steel type 304. The latter two are
being used for reference because their behavior 1n hydro-
gen is known in detail. Smooth and notched specimens, in
plain and welded form, are included in the test matrix
along with welded specimens having a solder (Sn-Pb) coa-
ting. The stress levels used were the ASME Code stress
and a level 50% greater. Accelerated-cycle (hydriding-
dehydriding) operation equivalent to about three years of
exposure will be performed before the 80 specimens are
sent to SL for examination and tensile testing.

HYDROGEN TECHNOLOGY ADVANCED COMPONENT TEST SYSTEMS
(HYTACTS) PROGRAM

The objective of this program is to design, construct,
test and evaluate advanced components of hydrogen-energy
storage systems for the purpose of obtaining process, heat
transfer and mechanical data which will assist industry in
designing cost-effective components. Initially the work
will center on metal-hydride energy storage devices for
automotive and electric-utility applications. The first
storage device designed for this program is known as the
Variable-Parameter Test Unit. It is a hydride storage
vessel which can be provided with various internal heat-
exchanger configurations, and for added versatility 1t has
a water jacket. The first configuration will probably have
a group of U-tubes connected to inlet and outlet headers,
each of which is connected to a nozzle on one head. The
shell is 2 feet in diameter and will be 3-5 diameters long.
Axial porous-metal tubing is used as the gas distributor
and particle barrier (filter). Other configurations de-
signed to enhance heat transfer will be tested and eva-
luated. Different configurations will be designed for the
automotive application. The behavior of hydrides and
system components will be examined, and performance studiles
will be made under a variety of operating conditions for
several heat-exchanger configurations.
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Subsequently preprototype electrochemical devices for
generating and utilizing hydrogen will be added to the
system to determine their performance and to investigate
interface problems in the energy storage system. All of
the major components will be fabricated commercially and
incorporated in the test system at BNL.
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THE HYDROGEN-HALOGEN ENERGY STORAGE SYSTEM:
PRELIMINARY FEASIBILITY AND ECONOMIC ASSESSMENT*

S. Srinivasan, R. S. Yeo, and A. Beaufrere
Department of Applied Science
Brookhaven National Laboratory

Upton, N. Y. 11973

1. Introduction

~ In 1964, Bianchi had suggested(l) that the hydrogen-
chlorine (H5-Cly cell can be utilized as an electric energy
storage battery. Recently, this system was proposed(2) for
energy storage applications in electric utilities with the
following advantages over the batteries and the hydrogen-
oxygen (Hy-03) system which are being considered for the
same purpose: (i) since the electrode reactions of H; and Cl3
are quite reversible, one can expect an overall efficiency
(electric » electric) of over 75%; (ii) the same electrodes
can be used as electrocatalysts in both modes (chemical and
electricity generation). Therefore, the same electrochemical
cell can be used for both functions, which reduces the
capital costs; (iii) the reactants for chemical and electric-
ity generation are stored outside the cell which appears
beneficial for a weekly cycle. A preliminary technical and
economic feasibility assessment of the hydrogen-halogen
battery as an electric energy storage system was undertaken,
in our Laboratory, with support from the General Electric
Company (GE), Energy Development Associates (EDA), Gould, Inc.,
and Bechtel Corp.

2. Conceptual Design of Energy Storage System

The conceptual design of a 20MW electric storage system,
evolved for this study, is based on data furnished by the
subcontractors; namely, Cl; cell characteristics and cost
data by GE; Cl, storage and system characteristics by EDA;
bromine (Br,) system characteristics by Gould, Inc.; and
system engineering analysis by the Bechtel Corp. This design
appears satisfactory for a preliminary assessment. Because
the Cl; and Br, systems are quite similar and Clj technology

developed, the H-Cly system was used for the refer-

ig wel
1S5 Vv cped, ne bt stem
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ence design. The process flow schematic for this reference
design is shown in Figure 1.

*This work was done under the auspices of the United States
Energy Research and Development Administration
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- The major components assumed for this system are: (i) a
solid polymer electrolyte (SPE) electrochemical cell stack
operating at pressures up to 600 psi and temperatures up to
2000F; (ii) a combination AC-DC convertor/DC-AC inverter
with power control; (iii) an iron titanium (FeTi) metal
hydride hydrogen storage subsystem; (iv) a combined liquid
Cly; hydrochloric acid (HCl) storage subsystem; and (v) heat
transfer and fluid transfer equipment. The high pressure
capability of the GE SPE cell allows cost effective storage
of the H, without the complication of mechanical compressors
and the storage of Cl; as a liquid without the use of high
pressure pumps. The HC1l/Cl,; storage also acts as a thermal
storage system that not only can serve to store heat gener-
ated in the fuel cell mode for maintaining the proper tempera-
ture of the electrochemical subsystem, particularly in the
electrolysis mode, but also can be used to desorb the Hy from
the metal hydride. Thus, no external heat is added to the
system and a high overall system efficiency can be attained
(>70%) . Furthermore, this system seems to meet most of the
important requirements of an electric-load-leveling-energy-
storage system, i.e., high reliability and safety, long
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life, low maintenance, low cost, and the capability of oper-
ating on a daily and weekly storage cycle at a typical sub-
station site. The latter requires high power and storage
densities. This, together with the demand for near absolute
safety, leads to the vertical storage tank installation with
the heavier Cl, being stored underground so as to avoid dis-
persion of accidental Cly leaks. The Cl,; storage is well
separated from the Hy storage subsystem, as an additional
safety measure.

3. Electrochemical Studies

In the Hy and Clp half cell studies, it was found, as
expected, that the ionization reactions are highly dlffu51on
controlled, whereas this is not the case with the gas evolu-
tion reactions. Platinum is a better electrocatalyst than
graphite for both electrode reactions. However, RuO3/TiO2 is
superior to Pt for the Cl; electrode reaction. In the cell
provided by GE, for evaluatlon, it was found that the
activation overpotentlal loss is quite small and one can
expect high overall electric-to-electric efficiency while
operating as an electrochemically regenerative system. The
limiting current density in the discharge mode was found to
be strongly dependent on the mass transfer of dissolved
chlorine to the electrode and, thus, by the electrode con-
figuration. Cell potential-current density relations in
the GE SPE cell, during the charging and discharging modes,
are shown in Figure 2.

ELECTRIC — ELECTRIC VOLTAGE EFFICIENCY

1 1 1 1 1

1
86% - 2% 61%

CELL VOLTAGE-VDC
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1 1 1 )
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CURRENT DENSITY, ASF

FIGURE 2.G.E. HYDROGEN CHLORINE BATTERY PERFORMANCE
(OCT. 1976)

95




4. Hydrogen Storage Subsystem

The FeTi metal hydride storage system was selected for
the following reasons: (i) near absolute safety from explo-
sion (tests prove it will not explode even under gun fire);
(ii) high storage density per unit volume; (iii) use of
basically low-cost plentiful materials such as found in
ilmenite ore; and (iv) the critical hydrogen desorption
temperature and absorption pressure are compatible with the
SPE electrochemical subsystem. The design chosen for this
study was similar to the one developed at BNL as part of the
BNL/ERDA Hydrogen Technology Program. Several salient de-
tails of the design worth noting are: all carbon steel con-
struction for low cost; all welded x-rayable construction;
no large mechanical seals; few prefabricated modules requir-
ing only standard proven manufacturing and process techniques,
except for a low-cost processing method which must be
developed to refine the FeTi ore (ilmenite).

5. Halogen (Chlorine) Storage System

Similarly for the Cl, storage subsystem, as for the H>
subsystem, the high pressure capability of the GE SPE cell
leads to a reliable pressurized liquid storage subsystem
without the use of high pressure mechanical pumps. The
adaptation of a high pressure system also leads to a cost
effective combination thermal and HC1/Cl, storage. Even
though Cly and HCl are stored in the same plastic-lined-
steel tank, proper monitoring and feed of the Cl, to the
electrochemical cells is easily accomplished because the
heavier Cl, separates to the bottom of the storage tank.
Based on tﬁese principles, the Gordon Hart (EDA) concept,
involving steel storage vessel with a water-jacketed plastic
liner/bladder, was evolved. The water in the jacket not only
serves to control the heat generation by the electrochemical
system, but also to concurrently transfer heat to the hydro-
gen storage system. This plastic-type liner also serves as
a cost effective control of the system expansion and, in
turn, the pressurization of the entire HC1/Cl, storage
system. A similar storage system for storing the Hy-Br, can
be evolved based on the above. Although it is a liquid at
much lower pressures, its storage volume will be signifi-
cantly larger.

6, Economic Assessment

Energy storage systems for electric-load-leveling
applications are highly capital intensive and heavily depen-
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dent on the utilization time. In light of this, a simple
cost figure of merit, dollars per kilowatt hour ($/KWh), was
used in this first economic assessment (Table 1). The base
assumptions were that a near-term development (early 1980's)
would yield a system capable of >5000 hr design life, an
overall efficiency of >70%, near.,absolute safety and relis
ability, high power (>250 amp/ft°) and storage (>40KWh/ft3)
density.

Table I

20 MWe HYDROGEN-HALOGEN ENERGY STORAGE PLANT
FOR INSTALLATION AT EXISTING SUBSTATIONS (1/2 ACRE)

UNINSTALLED COSTS IN 1976 $/KWh

Hp/Cly Cost ($/KWh) Hy/Br)
10hrs* Shrs* 10hrs 5hrs
1. Electrochemical Subsystem @
$80-100/KW 8 16 9.5 19
2. Power Conditioning Control @
$80/KW 8 16 8.5 17
3. Hydrogen Storage Subsystem
(Based on Metal Hydride at
$1/1b) 12 12 14 14
4. HC1/Cly Storage Subsystem
(Based on Liquid Chlorine
at 450 PSI) 13 13 10 10
Total Capital Cost 41 57 42 60

According to Table I, it appears that there is little cost
difference between the Hy/Clp and Hy/Bry systems. Secondly,
the cost is a stronger function of the utilization or dis-
charge time for daily cycles (5 hrs discharge or less) where
the major costs are in the power-related equipment. For the
10 hr discharge or weekly cycle, the storage and power-relat-
ed costs are about equal. The latter results suggest that a
10 hr discharge time is near the optimum condition for this
system.
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7. Future Plans
(i) Electrochemical Studies

One of the important problems to be studied is the
corrosion of the cell components, particularly the electrode
materials. Also to be investigated is the effect of the Cl,
partial pressure on the limiting current density, and on
the off-setting effect of increased diffusion losses. The
effect of temperature on cell performance is fairly well
known, i.e., the higher the temperature, the lower the ohmic
overpotential and the higher the diffusion losses. Also the
higher the temperature the lower the solubility of Cl5 in
HC1 which, in turn, decreases the limiting current density.
It has been found that the concentration of HCl1 around
18-25% will minimize the overpotential, but an optimal
concentration range should be determined for a cell employ-
ing the SPE technology.

Certain corrosion resistant metals, such as Ta and Nb
(especially with addition of trace amounts of Fe), and
alloys seem promising but are expensive. The application
of certain polymer coatings for reducing corrosion rate will
be investigated. Parasitic losses due to shunt currents,
etc., on overall efficiency at different electrolyte
conditions will also be determined.

(ii) Engineering Studies

Optimum system conditions will be established based on
further experimental investigation of the electrochemical
cell. The system conditions will also be established from
a cost effective design analysis of the Clj; storage system
and its interfacing problems, particularly those involving
heat transfer and the Hy storage subsystem. Based on these
optimum system conditions, preliminary engineering designs
of the major components, interconnecting piping, controls,
and auxiliaries will be determined and the overall system
costed. 1In this study (to be made in conjunction with the
subcontractors and an Architect/Engineers Firm), particular
attention will be given to obtaining an inherently safe
and low-cost installation for electric load levelling at a
typical substation. The corrosion resistance and creep
properties of various plastics, such as the fluorocarbon
polymers, will be investigated as to their suitability for
liners of pipes and the HC1l/Cl, storage tanks. A cost
effective manufacturing method for low-cost production of
these liners, for large tanks, will also be investigated.
It is also important to assess the prospects of producing
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FeTi directly from ilmenite ore.
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THE LASL THERMOCHEMICAL HYDROGEN PROGRAM:
STATUS ON OCT. 31, 1976

Melvin G. Bowman
Los Alamos Scientific Laboratory
P.0. Box 1663 ‘
Los Alamos, NM 87545,

Introduction

The overall thermochemical hydrogen program at LASL
may be described as two complementary programs. The first
is a program of research in thermochemistry designed to pro-
vide the data base for the conception or identification,
theoretical evaluation and preliminary development of ther-
mochemical cycles for hydrogen production. The general pro-
cedures include theoretical, thermodynamic analyses of
reaction types and specific reaction cycles that are poten-
tially useful and a vigorous experimental program to
eévaluate and test specific chemical reactions; to determine
reaction rates and reaction yields; to develop catalysts
for specific reactions; and to determine experimentally,
thermochemical data required for thermodynamic analyses.
The second program is an application of results from the
research program in the engineering of practical, efficient
and economically sound processes that are optimized for
each potential heat source.

Many of the cycles conceived and tested in the LASL
program have been described by members of the hydrogen
group in publications and in presentations at national and
international scientific meetings (1-10). The program was
also summarized, and some of the engineering problems iden-
tified, at the First Hydrogen Information Meeting for ERDA
Contractors at BNL in April (11).

This paper will be limited to a brief summary of acti-
vities in the applied program since the first meeting.
Most of the effort has been directed toward engineering
deslgn and analysis of two different systems of thermochem-
ical cycles and to experimental studies in direct support
of the engineering program.

Sulfuric Acid-Sulfur-Sulfide Systems:

The General Atomic Company (under contract to ERDA)
has performed a preliminary engineering design and analysis
of the LASL Baseline Cycle utilizing data and conditions
from the LASL experimental program (12). The Baseline
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Cycle may be described by the following reactions.
1. 1.5805 + Hy0 —» HpSOy + 0.53
2. H,80;, —> Hp0 + 80, + 0.50,
3. 1.58 + H,0 —> H,S + 0.550,
by, H2S-—%> H2 + S

In our experimental program, we had observed the
following:

1. Through the use of ilodine as a homogeneous cata-
lyst, sulfuric acid had been produced in reaction 1 to
a concentration near 12 moles. The reaction time was
considered too slow for a practical cycle. However,
it seemed probable that the rate of reaction 1 could
be increased by higher temperatures and higher SO,
pressures. Accordingly, 70% sulfuric acid from reac-
tion 1 was specified for the General Atomic study.

2. Near equilibrium decomposition of sulfuric acid
(using catalyst) had been demonstrated at LASL and
also more extensively at GA and at Westinghouse.

3. The reaction between sulfur and water Vagor had
been demonstrated with good yield at 550-600°C.

Methods for separating the SO, and H,S products had
not been demonstrated. Never%heless, it was agreed
that reaction 2 would be assumed to occur as written
for the GA study and LASL continued laboratory work to
develop separation methods.

4, Reaction 4 had been demonstrated at LASL. The re-
action rate was found to be rapid and initial results
suggested somewhat better yleld than predicted by
literature data. Literature data were used for the

GA study.

The GA study indicated a heat efficiency of 27% for
hydrogen production from a 3000 ngt) nuclear plant.
Actually, this 1s a reasonably encduraging number for a pre-
liminary, nonoptimized design. However, the study also
indicated a thermochemical plant cost of about three times
the cost of the reactor. Most of this cost is attributed
to the heat exchangers required for the cyclic decomposi-
tion of H2S in reaction 4 above and, to a lesser extent,
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equipment required for drying H2804 produced in reaction l,

It is probable that some improvement can be made in
each of these conceptual systems. However, the realities
of experimental study have indicated that the assumptions
for reaction 3 were too optimistic. The only method we
have demonstrated experimentally for completing reaction
3 involve the following reactions.

5. CaCO3 + 1.58 = CaS + 0.580, + CO,
6. CaS + Hy0 + CO, = CaCOg + HyS

Reaction 5 can be conducted at ~600°C in the presence of
water vapor. Reaction 6 is a low temperature reaction.

Deslgn studies have continued to determine possible
improvements in the system for drying sulfuric acid and to
assess the costs resulting from substituting reactions 4
and 5 for reaction 3. These results are not yet available.
Nevertheless, it seems reasonably clear that the baseline
cycle is unlikely to offer advantages over other known
cycles (including the GA prime cycle) until improved reac-
tions can be substituted for reactions 4, 5 and 6 and, (pro-
bably) iodine can be eliminated from the cycle and a diffe—
rent homogeneous catalyst used in reaction 1. Therefore,
the baseline cycle has been returned to the experimental
research portion of the LASL program.

Cerium Chloride Systems

A thermochemical cycle based on the Reverse Deacon Re-
action and the hydrolysis of cerous chloride was identified
in our experimental research program. The cycle may be
described by the following reactions:

7. Cl, + H,0 —> 2HC1 + 1/2 0 (high temp.)
2 2 2

8. 2Ce0, + 8HCl—> 20eCl, + 4H,0 + c12(mzoo°c)

3
2Ce0Cl + L4HCL (~600°C)

9. 2CeClz + 2H,0

10. 2ceoC1l + 2H20 2CeO2 + 2HC1 + H (high temp)
The cycle has been demonstrated experimentally except
for the possibility that CeO, from reaction 10 will not be
sufficiently reactive in reaction 8. Up to the present,
Ce0, used in reaction 8 has been prepared by decomposing
Ce2€C Good yields can be achieved for all of the
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reactions except reaction 10. This reaction exhibits a
positive AGC even at 1200 K and the gases evolved from the
reaction contain 10-12 molecules of H,O0 per molecule of H
The hydrolysis step (reaction 10) in tﬁe cerium chloride
cycle is quite similar to the hydrolysis step in some iron
chloride cycles. Since the remainder of the cerium chloride
cycle seems simpler than iron-chloride cycles, it is be-
lieved that the cerium chloride cycle may offer advantages.

During this past summer at LASL, Professor
D. L. Ulrichson of Towa State University prepared diffe-
rent flow sheets and made preliminary design evaluations
of the cerium chloride cycle. The completed report 1s not
yet available, but the following interesting features are

_clearly apparent:

It is rather expensive in terms of equipment and
process heat to process large volumes of HCl-H,O mix-
tures where concentration and/or condensation sSteps
are required. In particular, it is difficult to
remove H, from the H,0-HCl mixture evolved in re-
action 10 in an efficient and economical way.

In view of the apparent disadvantages of the cerium
chloride cycle as written above, the following variation
has developed from continued laboratory experimentation.

11.Cl2 + H,0 = 2HCL + 1/2 05
12.2CeO2
l3.3CeCl3 + 3H20 = 3Ce0Cl + 6HC1

+ 8HC1 = 2CeCl3 + MH2O + Cl,

14.3Ce0C1 + 3C0,—> Ce2~(CO3)3 + CeCl3(solution)
(ppt)

15.Ce2(CO3)3 + H0 —> 20e02 + 3002 + Hp

The apparent disadvantage of this variation is the
necessity for drying the CeCl, solution from reaction 14,
The apparent advantages derivé from:

1. The fact th

at
ditions where AG

all reac

ti
is negative.

O

ns can be conducted under con-

ot

2. The fact that the H, separation is from H20 002 mixtures

rather than HCl- H2O mixtures.
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3. The fact that very high HC1/H.,O ratios are produced in
reactions 11 and 13 and conCentragiOn steps do not appear
to be necessary. '

It 1s interesting to note that the decomposition of
moist (or hydrated) Ce,(CO )3 from reaction 14, decomposes
on heating via the folfoWigg reactions: '

leé. Ce2(CO3)3 + Hy0 = 2Ce(OH)CO3 + COy

17. 2Ce(OH)CO3 = Ce2O2CO3 + Hy0 + CO,

2CO3 = 2CeO2 + CO

18. Ce20
The reactions occur successively at dlfferent temperatures
and (therefore) accept heat over a range of temperatures.
Reaction 18 can be conducted as written. In this case the
reactions constitute a cycle for splitting carbon dioxide.
Alternatively, water vapor can be added during reaction 18
and hydrogen (with some CO and some CHu)'is evolved.

The preparation of flow sheets, together with engi-
neering design activities, are continuing for the cerium
chloride cycle and the different versions of the cerium
chloride-carbonate cycle. ~ '
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THE THERMOCHEMICAL WATER-SPLITTING
PROGRAM AT GENERAL ATOMIC

J. R. Schuster, and J. L. Russell, Jr.
General Atomic Company
P. 0. Box 81608
San Diego, California 92138

General Atomic' (GA) is developing a promising thermo-
chemical water-splitting cycle for hydrogen production.
This cycle, which is based on a main reaction involving
iodine and sulfur, can be conducted as an all liquid and
gas process, and has heat requirements that are compatible
with the high-temperature gas-cooled reactor (HTGR) .

In addition to developing its own cycle, GA has been
supporting the Los Alamos Scientific Laboratory (LASL) by
performing engineering on selected LASL cycles. Both the
engineering support provided LASL and the GA program will
be described in this abstract.

LASL CYCLES

Work for LASL was first initiated under ERDA funding
in CY 1975. The goal of that work was to do a preliminary
engineering design and cost estimate for the LASL baseline
sulfuric acid-sulfur-oxide-sulfide cycle. This four-step
cycle 1s represented by the following set of equations.

HoS > Hp + S (1)
3 1

= + > + - 2
> S H2Q , st 5 302 (2)
33 +HO+HSO +41s

2 2 2 2774 02 (3)

1
+ + =
H2SO4 > HZO SO2 5 O2 (4)

Assuming the HTGR as a heat source, a complete flow
sheet was prepared for the cycle, along with heat and mass
balance.

Major equipment items were sized from the flow sheet
and used as the basis for a first-order cost estimate.

The nonoptimized thermal efficiency was 27%. For the
flow sheet as developed, the chemical plant costs were
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heat-exchange dominated and of the order of 3.5 times the
cost of the nuclear heat source. Details are provided in
the final report. (l)

In July, 1976, GA began work under a LASL subcontract
to do engineering on a modification to the LASL baseline
cycle, preliminary engineering on an additional LASL cycle,
and investigate vapor-liquid equilibria and metallurgy for
sulfuric acid. This contract is scheduled for completion
November 15, 1976. The sulfuric aclid work was also a part
of the GA cycle development program.

The modified LASL baseline cycle 1is represented by the
following set of equations.

H,S * H, + 8 (5)
CaCO3 > Ca0 + CO, (6)
Ca0 + 3 S > CaS + % S0, (7)
CaS + H,0 + CO2 > CaCO3 + H28 (8)
% SO, + H,0 » H,yS0, + % S (9)
H,S0, > H,0 + S0, + % 0, (10)

where Egs. 6, 7, and 8 have replaced Eq. 2 of the baseline
cycle. This modification is under consideration by LASL
because of difficulty in separating the products of Eq. 2.

The additional LASL cycle investigated by GA is also
a six-step cycle, and is represented by the following set
of equations.

% SO, + H,0 > H S0, + % S (11)
H,S0, > H,0 + S0, + o, (12)
35+ Cu0 > 2 Cu+ 5 50, (13)
2 Cu + 2 HBr -~ 2 CuBr + H2 (14)
2 CuBr + MgO - MgBr2 + Cu20 (15)
MgBr, + H,O - MgO + 2HBr (16)
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This has been designated the copper-copper bromide-
oxide sulfide, magnesium bromide-oxide, sulfurilc acid-
sulfur oxides-sulfur cycle. A reason for doing prelimlnary
engineering on this cycle was to assess the impact of an
extensive solids handling requirement.

Although a complete flow sheet section meshing and
heat balance was not prepared for the modified baselilne
cycle, the thermal efficiency is estimated to be around 20%.
For the additional cycle, a non-optimized flow sheet was pre-
pared, and the preliminary heat balance yields an efficiency
of 9.6%. If extensive heat recuperation is implemented,
the efficiency could rise to around 15%. With other pro-
jected improvements the efficiency might rise to around 20%.
The following other conclusions have been drawn from these
engineering efforts: 1) Due to irreversibilities, the more
steps a cycle has the more difficult it 1s to make 1t effi-
cient; 2) If a cycle has too few steps then there is
trouble in matching it to the heat source; 3) The amount of
solvent or inert gas recycle must be kept to a minimum be-
cause it reduces efficiency and/or increases capital cost;
4) In order to confidently design solids handling steps it
is necessary to have a large mass of empirical data on
solids and particulates properties.

GA CYCLE

General Atomic first became interested in thermochem-
ical water-splitting because 1t characteristically requires
high temperature heat input, and represents a possible
application for the HTGR. It also now appears that GA's
fixed mirror solar concentrator (FMSC) and Doublet fusilon
reactor concept could also be applied to water splitting.

In October, 1972, GA began the development of a compu-
ter code that could search thermodynamic and thermochemical
data for combinations of chemical reactions that could form @
closed hydrogen-producing cycles (2). This search, supple-
mented by manual evaluations and feasibility demonstrations
in the laboratory, resulted in the selection of the three-
step cycle represented by the following set of equations.

2 Hy0 + S0, + xI, > H,yS0, + 2 HI, Aqueous (17)
: 1
2 HI_ = xI, + H, (572K) (19)

0, (1089 K) (18)
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The HI_ 1n Eg. 17 represents the average of several

compounés formed in the reaction. The HI is a good
sofvent for iodine, and the resulting HI_, solution is not
miscible in H,SO ~As the reactilon proceeds, H SO rains :
upward, leaving behind a lower component rich in H% The
aclds can be readily separated and thermally decomposed to
obtaln the hydrogen and oxygen products and. the iodine and
SO2 for recycle. :

The first public disclosure of this cycle was in March,
1976 (3). General Atomic is cooperating with the American
Gas Association and Northeast Utilities Service Company, and
hopes to cooperate with ERDA, to develop around this cycle
a thermochemical water-splitting process that can be demon-
strated to be a commercially feasible source of hydrogen.
Progress of the development program through September, 1976
was described at a recent technical conference (4). This
development program currently includes work in chemistry,
chemical engineering, and materilals of constructilon
corrosion.

The conditions to maximize the yield of the H,0-S0,-1I
reaction have been determined. By conducting the reaction
at around 368 K with the solution saturated in iodine a
sulfuric acid concentration of around 48 wt % i1s produced.
It also reduces tramp H 30y in the HI  phase tc around 0.03
wt %, and the HI, can be vacuum degassed of dissolved 30,.

2

- High pressure distillation and extractive distillation
are two methods that are being investigated for recovering
HI from HI HI cannot be efficiently distilled out of the
HI_ at atmospheric pressure because of the formation of an
azéotrope. The high pressure work has consisted of capil-
lary distillations, and the equipment has been bullt for
conducting single-plate distillations. Extractive distil-
lation studies have been employing phosphoric acid as the
dehydration agent.

Experimental studies of catalytic cracking of HI have
demonstrated a particular catalyst to be functional at
temperatures where I, could be produced as a liquid. This

catalyst is very effective and does not appear to be easily
poisoned.

Studies of H,SO, catalytic decomposition with platinum
have demonstrated that decomposition is very dependent on
a catalyst, and that once the gases are disentrained from
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the catalyst, cooldown can be accomplished without sub-
stantial back reaction of S0,. Hardware is under con-
struction to investigate in greater detail the catalytic
decomposition of H2SOM.

Studies of H,0-H5S0y vapor-liquid equilibria at ele-
vated pressure were undertaken with LASL funding to find
out whether there is an appreciable shift of azeotropic
concentrations and to define conditions around the azeo-
trope for column design purposes. The shift has been found
to be from 98.5 wt % at atmospheric down to 97.3 wt % at
23 atm. The vapor-liquid equilibria exhibit a considerable
spread between liquid and vapor curves indicating that sepa-
ration of H20 and HoS0y will be relatively easy.

In the next year, with ERDA funding, it is intended to
begin bench-scale tests of key steps in the cycle. Two
engineering flow sheets have been prepared; the first, com-
pleted late in 1974, and based on optimistic chemical data
estimates, resulted in an estimated thermal efficiency of
52%. Another flow sheet was completed in April, 1976, and
incorporated some of the laboratory-derived data. The esti-
mated thermal efficiency for this flow sheet was 41%. 1In
the next year, with ERDA funding, it is intended to revise
the flow sheet, incorporating new chemical data and 1mprov-
ing the heat utilization between various portions of the
process. It is anticipated that the thermal efficiency will
eventually rise to between 45 and 50%.

A test program is in progress to evaluate the corrosion
performance of possible construction materials in the pro-
cess fluild environmments. Some industrial experience has
been found on the successful containment of SO, and SO
gaseous environments at elevated temperature. No 1industrial
experience has been found for a HI + I environment at ele-
vated temperature.

A pyrex and quartz materials test rig was constructed
to subject material samples to the high temperature decom-
position products of sulfuric acid. With private and LASL
funding, a thousand hour test of several materials was
conducted, including bare samples, and samples with three
types of aluminized coating. In addition to weight change
data taken during the course of the test, metallography was
performed and revealed Incoloy 800 with an aluminized coat-
ing to be the most promising candidate. It developed an
outer oxide with very 1little internal oxidation, had no
sulfur within the coating, and a diffusion zone between
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the coating and base metal that showed only a small widen-
ing with time. No cracks were observed in the coatings.

A test apparatus has been constructed for evaluating
the corrosion behavior of materials at the liquid-vapor
interface of a boiling HIy solution. Although this appa-
ratus has not been used, preliminary tests of several
hundred hours duration in a room temperature solution, and
other exposure tests of about 5-hr. duration and within
a temperature range of 572 to 772 K, and pressures of 136
to 204 atm have shown the metals titanium, molybdenum,
tantalum, and Inconel 600 to exhibit moderate to rapid
corrosion in the liquid phase. Thus, the HI, environment
may just be the most demanding of all the process environ-
ments from a corrosion viewpoint.
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ANALYSIS AND EVALUATION OF
THERMOCHEMICAL HYDROGEN PRODUCING PROCESSES

James E. Funk, Ronald H. Carty, William L. Conger
University of Kentucky
Lexington, Kentucky 40506

As outlined in Figure 1, this paper presents a
summary of the history and present state of the Hydrogen
Energy Programs at the University of Kentucky. A brief
statement of the work being planned for the future is
also included.

The earliest work on the thermochemical production
of hydrogen from water at the University of Kentucky was
done in 1964-65 under contract to General Motors as a
part of the Energy Depot project. This work dealt with
thermodynamic aspects of the problems and techniques for
preliminary process evaluation. The work is reported
in references 1 and 2.

From 1968-71 a program dealing with fluid mechanics
in water electrolyzers was sponsored by the National
Science Foundation. Experimental data were obtained
describing the void fraction, slip ratio and current
density distribution. This kind of information will be
important in the design and/or analysis of high perfor-
mance water electrolyzers and is reported in references
3, 4, and 5.

In early 1973 NASA-Lewis contracted with the
University of Kentucky for a program dealing with the
development and evaluation of thermochemical processes.
The process evaluation technique resulting from this
activity is embodied in the HYDRGN computer program
which operates with a thermodynamic data bank and two
NASA programs which handle thermodynamic properties and
determine equilibrium composition. The HYDRGN evaluation
procedure requires as input the chemical reactions
comprising the process and the operating temperature
and pressure for each. The output includes:

1. Changes in enthalpy, entropy, and Gibbs
function for each step--including heating and
cooling--of the process.
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1964-65

1968-71

1973

1974

1975

1976

FUTURE

WORK

THE THERMOCHEMICAL HYDROGEN PROGRAM
AT THE UNIVERSITY OF KENTUCKY

ENERGY DEPOT PROJECT (General Motors) - Thermo-
dynamics of Hydrogen Production from Water Using
Thermochemical Cycles

FLUID MECHANICS IN WATER ELECTROLYZERS (National
Science Foundation) - Void Fraction, Slip Ratio,
Current Density

HYDRGN COMPUTER PROGRAM (NASA-Lewis) - A Comput-
erized Technique for the Analysis of Thermo-
chemical Water-Splitting Cycles

PARAMETRIC STUDY OF THE WESTINGHOUSE SULFUR
CYCLE - (Westinghouse)

DEVELOPMENT OF CYCLES BASED ON SULFUR CHEMISTRY -
(NASA)

A TECHNOECONOMIC ANALYSIS OF LARGE SCALE THERMO-
CHEMICAL PRODUCTION OF HYDROGEN (Electric Power
Research Institute)

LABORATORY WORK ON CHEMICAL REACTIONS OF A Fe/
Ba/S CYCLE - (University of Kentucky/NASA)

DEVELOPMENT OF A "HEAT PENALTY' ANALYSIS OF
THERMOCHEMICAL WATER-SPLITTING CYCLES - (Uni-
veristy of Kentucky/Electric Power Research
Institute)

REVISION OF HYDRGN COMPUTER PROGRAM (ERDA) -

1) Allow for the Use of Elevated Pressures

2) Allow for a "Topping Cycle'" to Produce Use-
ful Work

3) Calculate Loss Coefficients and Individual
Stage Efficiencies

CONTINUOUS EVALUATION OF PROMISING THERMO-
CHEMICAL CYCLES

1) State of Experimental Work on Chemical
Reactions (reaction conditions, side
reactions, kinetics)

2) Flowsheet Development

3) Heat Penalty and Efficiency

4) Economics

FIGURE 1
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2. Magnitude of the recycle streams and an estimate
of the work of separation as a function of
approach to equilibrium and inlet ratio of the
reactants. ' ’ :

3. A scheme for internal process heat recovery
which matches heat requirement and availability
in the various streams.

4, Two estimates of the process thermal efficiency
employing different assumptions concerning
efficiency of separation.

The HYDRGN program has been favorably received and
is being used at IGT and the University of New Mexico
as well as by other organizations. It provides a
starting point for more detailed studies. It was
modified to perform parametric studies on the hybrid
sulfuric acid process for Westinghouse (6) and was used
in a technoeconomic study being performed for the
Electric Power Research Institute (7). Results from
the HYDRGN procedure were used in the preparation of an
appendix for the Jet Propulsion Laboratory study reported
under the title "Hydrogen Tomorrow' (8).

The results of University of Kentucky efforts to
devise a number of efficient sulfur cycles have been
published (9) and experimental work has been conducted
on the hydrogen producing step of one of these cycles
(10) .~ : :

A new "Heat Penalty" analysis of thermochemical
cycles has been formulated by Professor K. F. Knoche of
the Technical University at Aachen, West Germany during
his work at the University of Kentucky from March to
September of 1976 (11 - 14). An example of the appli-
cation of this technique to the Westinghouse Sulfur
Cycle is shown in Figure 2.

Part of the present work being conducted consists
of improvements to the HYDRGN computer program. This
work which is being sponsored by ERDA consists of
modifying the program to allow for the following:

1. Use of Elevated Pressures

2. Use of a "Topping Cycle" to Produce Useful Work
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3. Calculation of Loss Coefficients and Individual
Stage Efficiencies

In the future, the University of Kentucky plans to
be part of a group which will evaluate and review the
current state of development of various processes and
make independent preliminary estimates of process
efficiency and economics. In particular, this group
would provide evaluations in the areas of:

1. Chemistry

2. Flowsheet Development

3. Heat Penalty and Efficiency
4, Economics

The permanent members of the University of Kentucky
hydrogen group include J. E. Funk, W. L. Conger, and
R. H. Carty. Others who have worked in the program
include: J. F. Thorpe, now at the University of
Cincinnati; R. Barker, now at Oak Ridge Natiomnal Labo-
ratory; Kenneth E. Cox, now at the University of New
Mexico; F. Nakano, now at the Osaka Gas Company; and
M. Soliman, now at the University of Riyadh, Saudi
Arabia. Professor K. F. Knoche of the Technical
University at Aachen, West Germany, has worked with the
University of Kentucky group for seven months (March-
September) during 1976 and Dr. K. Ota of the University
of Tokyo has joined the program on a post-doctoral
appointment. The group has participated in the formatlon
of the International Journal for Hydrogen Energy and is
represented on the editorial board.

In addition to the references cited, sixteen other
publications have resulted from the Hydrogen Program
at the University of Kentucky.
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THE ZNSE THERMOCHEMICAL CYCLE

Oscar H. Krikorian and Henry H. Otsuki
Lawrence Livermore Laboratory
P. O. Box 808
Livermore, CA. 94550

Abstract

Scientific feasibility of the ZnSe thermochemical
cycle was clearly established through laboratory experimen-
tation 2 years ago. Since that time we have continued ex-
perimentation that has lead to refinement and improvement
of the cycle. Recently, through a Joint effort with United
Engineers and Constructors, we conducted a preliminary pro-
cess definition and economic analysis of the cycle. The
study allowed us to better define problem areas and set
directions for future development. Thus, critical problem
areas are: 1. optimization of cycle efficiency and econ-
omics, 2. process design development for main chemical
reactors in the cycle, and 3. evaluation of selenium re-
sources. Further, the study indicated that an area of
major lmprovement exists in this cycle if we can reduce the
number of moles of ZnSO, from 2 to 1 for each mole of H
produced. This would substantially reduce the high graée
energy required for the cycle, and increase ideal cycle
efficiency from 49 to ~70%. We are in the process of ex-
ploring this approach, and have two potential methods that
show promise.

Background

Thermochemical cycles for production of hydrogen have
been under study at the Lawrence Livermore Laboratory for
the past flve years. Studies have been concentrated on
selenium based cycles because of the favorable thermody-
namic criteria for these cycles. TFor the past 2-1/2 years,
under funding provided by ERDA's Division of Physical Re-
search, we have carried out laboratory experimentation on
a cycle based on ZnSe. Scientific feasibility of the ZnSe
cycle was established 2 years ago through small batch type
laboratory experiments, and refinement of the cycle chem-
istry is currently underway. Under the sponsorship of
Division of Energy Storage Systems, we have recently con-
ducted a process definition and economic analysis of the
cycle.

Prepared for U.S. Energy Research & Development
Administration Under Contract # W-7405-Eng.-48.
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The ZnSe cycle was selected for development at LLL
because of its favorable chemistry and thermodynamics, and
because of its prospects for high thermal efficiency (>40%),
minimal separative work, and reasonable materials require-
ments. Work in the laboratory has shown that the cycle
clearly works. Free energy changes are negative for all of
the reactions, and reaction rates are fast (about 5 to 15
minutes). Conversions are high and free of undesirable by-
products, separative work is low, and materials problems
are minimal.

- Goals

- We plan to conduct selected engineering development
studies on the ZnSe thermochemical cycle with the objective
of evaluating its suitability for 1L bench scale closed cycle
demonstration, and 2. economic viability of a commercial
plant. More specifically, we plan to conduct studies in
the following areas: ' ' '

— Optimization of the cycle for efficiency and
economics

— Process design/development for the main chemical. .
reactors in the cycle (ZnSO, decomposer, ZnO-Se-SO2
reactor, and ZnSe hydrolyser).

— Evaluation of solar concentrators as an alternate
heat source for the cycle,

— Evaluation of selenium resources.

Cycle Chemistry

The ZnSe cycle 1s described by the following major

reaction steps: Aﬁ°298
(1) 2200 + Se(s) + 50, (g) 800K ;7 se + Znso, iEié%%%l
(2) znSe + 2HC1(g) 329K, ZnCl,(aq) + HySe(g) ~69
(3) InCl,(aq) + SO5(g) + H,0(2) 400X, ZnS0, + 2HC1(g) -39

(4) 22nS0, 1200K . 5 70 + S0,(g) + S04(g) + 1/20,(g) 576

(5) HySe(g) L2255 se(n) + H,y(g) -23

We have experimentally studied the chemistry in some detail
for reactions (1) and (2), and results have been submitted
for publication (1). Detailed data have also been obtained
recently on reactions (3) and (5), but have not yet been
published. A substantial literature exists on reaction (14).
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Reaction (1) proceeds in ~15 min. at 800K and is free
of side reactions. Degree of completion of the reaction
depends primarily on intimacy of mixing of ZnO/S8e and ranges
from 60% for poorly mixed material to better than 95% tor
well mixed material. Reaction rate is also accelerated by
increased SO, pressure. Reactions (2) and (3) both occur
in less than 5 min. at greater than 95% yield. Reaction (k)
is calculated from literature data (2) to be 30% complete
in 1.3 min. and 98% complete in 16 min. at 1200K. The reac-
tion proceeds in two stages. In the first stage ZnSOy 1is
decomposed to an oxysulfate (ZnO-2 ZnSOu), which then in
the second stage goes to ZnO. For reaction (5), we find
that H,Se is 60% decomposed in 5 min. at 750K.

Although additional chemistry refinement and better
definition of reaction mechanisms and kinetics are needed
on all of these reactions, the more critical need from a
mission-oriented standpoint is to evaluate the reactions in
continuous mode operations. This type of operational data
is essential for process design, and for providing a more
realistic input for cost analyses. Data is especially re-
quired for reaction (4), which is the primary heat con-
suming step in the cycle, but is also vitally important for
reactions (1) and (2) because they will require novel pro-
cess designs.

Engineering Development

Engineering development on this cycle is at an early
stage: 1, preliminary process definition and economic
analyses have been carried out 1n a joint in-house and con-
Tractual effort with United Engineers and Constructors, and
2. planning and experimentation are just beginning on con-
tinuous process operations.

The economic analysis was carried out on a limited
time and funding basis, and within these constraints it was
only possible to carry out the study on a once-through
basis. A number of details could not be adequately com-
pleted, let alone exploration of alternate design ap-
proaches and process optimization. Cycle efficiency,
after correcting for unused high temperature process and
isentropic heats in the analysis, is about 32%. An ultra-
conseryative estimate of the hydrogen production cost is
$28/100 BTU. Not much significance can be attached to the
absolute values of cycle efficiency or hydrogen costs,
particularly hydrogen costs, at this stage of analysis.
More realistically, for an optimized cycle we would expect
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cycle efficiency to be ~40% and hydrogen production costs
~$9/106 BTU.

Although not quantitative, the results of the analysis
have been very useful in indicating areas of the cycle that
are readily achievable, and in identifying other areas
where substantial improvements can be made. For the process
as it stands, the major cost items are: 1. the ZnSOj de-
composer, 2. the ZnSe/ZnS0y separator, and 3. the ZnCl, to
7nS0, convertor. Availability of selenium in large quan-
tities is also a problem, and we need to better evaluate
selenium resources. Finally, a major improvement in cycle
efficiency can be achieved if ZnCl, can be converted di-
rectly to Zn0O without going througﬁ a Zn30y step. This
would reduce the moles of ZnSO), in the cycle from 2 to 1
for each mole of hydrogen produced, and increase the ideal
thermal efficiency from 49 to ~70%. It would further reduce
costs on two major equipment items. More detailed comments
are given next on the ZnSO) decomposer design, and on
methods for conversion of ZnCls to ZnO.

The ZnS0Oy decompcser deslgn for purposes of the econ-
omic analysis was assumed to be an isothermal fluidized bed
operated at 1200K in a reaction vessel containing a bundle
of heat exchanger tubes heated by circulating He. Decom-
position product gases were partially recirculated to
fluidize the bed. Significant design improvements can be
achieved here by decomposing the ZnS0)y over a larger AT
in order to couple better with the heat source, and going
to a moving bed type of process to lower gas circulation
costs and move the ZnSOy through faster.

In order to develop an optimum design for the ZnSO
decomposer, we need to determine the kinetics of ZnSOy
decomposition under conditions simulating a moving bed
design. The current literature is inadequate in that it
deals with the case of ZnS0, powder contained in a boat
in a tube furnace with a slowly flowing gas stream passing
over it. An insulating oxide layer develops on the surface
of the powder and both heat and mass transport become ser-
iously limited as decomposition proceeds. We anticipate
that decomposition rates will be markedly accelerated in a
moving bed system, and are planning experiments to inves-
tigate this. We calculate that radiant heat transport for
100 um particles should be sufficiently rapid to heat up
and decompose the particles in less than 1 sec. 1if kinetics
permits.
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) Two possible approaches‘for conversion of ZnCl, to ZnO
are presently under study. The first involves the follow-
ing reactions:

(6) 2nCl,(2) + 2 HBO, (1) 650K, Zn0+B,0,(s) + 2 HC1(g)

(7) Zn0*B,0,(s) + H,0(2) + CO,(g) 300K, ZnC0,(s) + 2 HBO{aq)

(8) ZnCO3(s) JO0K, ZnO(s) + COz(g)

We have made preliminary measurements of. reaction (6) in
the laboratory and have detected HCl given off, but quan-
titative studies have not been made. All of the reactions
can be predicted to proceed from thermodynamics.

In the second approach, we are considering conversion
of ZnClp to ZnO by a process described in the literature
(3) in which concentrated aqueous solutions of ZnCly are
evaporated to produce HCl(g) and a series of hydroxychlor-
ides. A number of these hydroxychlorides have been char-
acterized by X-ray, e.g., Zn(OH)C1, Zn5(OH)8012, and
ZnS(OH)8_7 011.25 (4). We need to quantitatively explore
theése reacgions in the laboratory, as well as methods for
separation of ZnO from the hydroxychloride.
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SULFUR CYCLE WATER DECOMPOSITION SYSTEM

G. H. Farbman
Westinghouse Electric Corporation
Advanced Energy Systems Divislon
P.0. Box 10864
Pittsburgh, Pennsylvania 15236

The objective of this program is to assess the tech-
nical and economic feasibility of a hydrogen generation
process based upon the electrolysis of sulfurous acid. To
do this, a multi-task program is being carried out to ex-
perimentally determine the operating characteristics of key
process steps in the hydrogen generating cycle and to per-
form engineering and economic analyses to evaluate the
system. :

The process being evaluated called the Sulfur Cycle
Water Decomposition System, is a two-step hybrid electro-
chemical/thermochemical cycle. The process, in its most
general form, conslsts of two chemical reactions - one for
producing oxygen and the other for producing hydrogen. The
production of oxygen occurs via the thermal reduction of
sulfur trioxide obtained from sulfuric acid.

HZSOM —_— H2O + 1/2 o2 + SO2 (1)

The equilibrium for Reaction 1 lies to the right at
temperatures above 1000K. Catalysts are available for
accelerating the rate of sulfur trioxide reduction to
sulfur dioxide and oxygen. The process is completed by
using the sulfur dioxide from the thermal reduction step to
depolarize the anode of a water electrolyzer. The overall
reaction occurring electrochemically is

2H2O + 80, —> H, + H,S0, (2)

This is comprised of the individual reactions:

0
+ _ E
Cathode: 2H + 2e —>» H
2 0.00 Volts
- + -
Anode: H2803 + H,0 —> 2H + H,50,+ 2e -0.17 Volts
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The net result of Reactions 1 and 2 is the decomposi-
tion of water 1nto hydrogen and oxygen. Sulfur oxides are
involved as recycling intermediates. -Although electrical
power 1s required in the electrolyzer, much smaller gquan-
tities than those necessary in conventional electrolysis
are needed. ,

The process is shown schematically in Figure 1. Hy-
drogen is generated electrolytically in an electrolysis
cell which anodically oxidizes sulfurous acid to sulfuric
acid while simultaneously generating hydrogen at the
cathode. Sulfuric acid formed in the electrolyzer is sent
to a surge tank from where it is fed to two vaporizers in
series. The first of these is a recuperative heat ex-
changer heated by the effluent from the high temperature
sulfur trioxide reduction reactor. The second is heated by
a high temperature heat source. The sulfur trioxide-steam
mixture from the second vaporizer flows to an indirectly
heated reduction reactor where sulfur dioxide and oxygen
are formed. These gases are subsequently cooled against
the incoming acid and unreacted sulfur trioxide is re-
covered as sulfuric acid in a knock-out system. Wet sulfur
dioxide and oxygen flow to the separation system. Steam is
first condensed and recycled, following which the 802/02
mixture 1is compressed and subsequently separated. A con-
ceptual design and cost estimate for a large hydrogen pro-
duction facility using this process (NASA-CR-134976, April
1976) has shown that hydrogen could be produced at overall
thermal efficiencies in excess of 45 percent.

The experimental studies being conducted under this
contract {E(49-18)-2262} are concentrated in those areas
important to the success of the process. These studies are
concerned with the sulfur acid electrolyzer (membrane ana-
lysis, anode development, and cell demonstration), acid
concentration (alternate concentration systems and materials
for the sulfuric acid vaporizer), and sulfur trioxide re-
duction (catalyst evaluation). 1In addition, engineering
trade-off studies are being performed.

Considerable progress was made in each of the major
program areas since the inception of this contract in May,
1976. These results are summarized in the paragraphs below.
ELECTROLYSIS

Membrane Evaluation Program

In order to prevent the migration of sulfurous acid
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from the cell anolyte to the cathode, with the subsequent
deposition of sulfur, a membrane is used to separate these
two cell compartments. A slight overpressure of sulfur--
dioxide free catholyte permeates the membrane and excludes
sulfurous acid penetration. In addition to being chem-
ically and mechanically stable in concentrated sulfuric
acid, an ideal membrane will possess both low permeability
less than .01 cc liquid/cm2 surface-min and ohmic losses
of less than 100 mV at 200 mA/cm<. These two goals are
contrary to one another and trade-offs are required. The
thicker the membrane, the less permeation. Work conducted
on asbestos membranes indicated that ohmic losses in the
order of 80-100, mV are achievable with, however, permea-
tion rates in the order of .04 to .05 cec liquid/cm“-min.
The present work conducted shows that microporous rubber
membranes are capable of reducing permeation below

.01 ce/ecmé-min. Cell ohmic.losses, however, of 200-300 mV
are incurred. Further membrane evaluation will consider
materials such as ion exchange membranes and ceramics.

Anode Development Program

In the electrochemical step of the Sulfur Cycle, sul-
fur dioxide and water are reacted to produce hydrogen and
sulfuric acid. The primary contribution to voltage in-
efficiency within the electrolyzer occurs at the cell anode
where sulfurous acid is oxidized to sulfur acid. Contri-
butions to overall cell voltage from cathode overvoltage
and cell ohmic losses are within acceptable bounds. The
present work has emphasized the evaluation of platinum as
an anode electrocatalyst employing both flooded and flow-
through electrodes.

At the start of the program, anode overvoltages (mea-
sured relative to a Hg/Hg2 S0); reference) were between
+100 mV to +300 mV for floodeg platinized carbon electrodes
and between 0 to +150 mV for flooded platinized platinum
electrodes. As the program progressed, initial polariza-
tions for each flooded electrode were comparable, rangling
between -100 mV to +100 mV. Aging characteristics, how-
ever, were dramatically different. The platinized plati-
num electrodes were highly irreproducible, with polariza-
tions of subsequent days between 100 to 500 mV above the
initial values. The platinized carbon electrodes, 1in
contrast, were extremely reproducible with polarizations
changing by less than 5 mV over a two week period.

More recently, initial polarizations obtained using
flow-through electrodes constructed with platinized carbon
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bettered the best flooded electrode results to date. This
is shown in Figure 2. As before, no aging or deterio-
ration of anode performance was observed over a two week
period. :

Summary of Electrolysis Program

Total electrolyzer performance can exceed the targets
established at the beginning of the program. At that time,
the goal was to demonstrate cell voltages below 900 mV at
current densities of 200 mA/cm?. Using the best of the
presently tested electrodes and membranes, at 200 mA/cm
in 50 w/o sulfuric acid at 25°C, cell voltages (excluding
ohmic losses) of 700 to 800 mV appear attainable. Allowing
another 100 mV for ohmic losses (albeit with membranes
currently exhibiting greater than desilred permeabilities)
leads to total cell voltages in the range 800 to 900 mV.
Effort in the future will be directed towards reducing
these voltages even further.

ACID CONCENTRATION

Membrane and/or Resin Concentration

Mechanical methods, as well as the chemical and ther-
mal methods, are being investigated as potential means of
concentrating sulfur acid solutions. Electrodialysis has
emerged as a potentially attractive process. Provisions
are now being made to undertake a limited test program to
assess the characteristics of the process.

Thermal Concentration

The practicality of a thermal concentration system
depends upon the identificatlon of suitable structural and
heat transfer materials to withstand the extremely corro-
sive environment of high pressure boiling sulfuric acid.

An initial effort is being undertaken to screen candidate
materials for suitability for this application. A test
capsule configuration has been designed, materials ordered,
and initial tests are now underway.

SULFUR TRIOXIDE REDUCTION

The evaluation of platinum as a catalyst for the ther-
mal reduction of sulfur trioxide into sulfur dioxide and
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oxygen 1is proceeding. Tests_at space velocities of 1000,
5000, 10,000, and 30,000 nr-1 indicate that platinum does
not possess as high an initial activity as does the vana-
dium pentoxide catalyst tested earlier. This, in addition
to its greater cost per catalyst volume, places platinum at
a disadvantage to vanadium pentoxide with respect to pro-
cess first costs. These include the cost of initial cata-
lyst fill as well as the incremental capital costs asso-
ciated with a proportionately larger thermal reduction
reactor. In spite of this, platinum may still be the
preferred thermal reduction catalyst. Should 1life testing,
now underway, indicate a much lower deactivation with time
than that observed with vanadium pentoxide, the longer time
between catalyst refills may offset the higher initial
costs.

ENGINEERING AND ECONOMIC STUDIES

Work on a revised process flowsheet is in progress.
Three major departures from the flowsheet provided in the
NASA conceptual design are anticipated. The first concerns
the sulfur dioxide-oxygen separation system where scrubbing
rather than condensation will be used for sulfur dioxide
removal. The second modification will be in the high tempe-
rature thermal reduction reactor. Rather than a single
large indirectly heated reactor, two smaller reactors will
be employed. The first will be indirectly heated by the
process heat source and the second will be recuperatively
heated with the high temperature effluent. The third pro-
cess modification will be in the acid vaporizers which will
be cascaded to provide better heat economy .
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METAL HYDRIDE MATERIALS PROGRAM
AT BNL -
CURRENT STATUS AND FUTURE PLANS*¥*

J. J. Reilly and J. R. Johnson

Department of Applied Science

Brookhaven National Laboratory
Upton, New York 11973

Over the past year, our materials development program
has been focused on a number of areas. These include the
effect of a third alloying metal on the properties of iron
titanium hydride, the effect of alloy microstructure on
hydride properties, the change 1n activity of pertinent
alloys towards hydrogen as a function of the number of
hydriding-dehydriding cycles, the poisoning effect of Op in
the hydrogen gas and the outgassing temperature required to
activate virgin materials. Several of these areas have
been covered in detail recently and will not be referred to
here (1), (2). Our attention at this meeting will center
on unreported data involving both ferrotitanium and other
alloys and a discussion of our future plan of work.

High Cycle Testing: In addition to pressure-temperature-
composition relationships there exist many other system
properties which are important with respect to the perform-
ance of a practical hydrogen storage reservoir. Perhaps
the most important of these are:

(1) the change of activity of the alloy
toward hydrogen as a function of the
number of such cycles,

(2) the physical attrition of the alloys as
a function of the number of hydriding-
dehydriding cycles, and

(3) the poisoning effect of impurities
such as 0,5, Ny, CO, etc., in the
hydrogen gas.

¥This work was carried out under the auspices of the
United States Energy Research and Development Administra-
tion.
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In order to investigate these variables a laboratory
high cycle test apparatus was built. This system was
capable of subjecting simultaneously three alloy samples
to five complete hydriding-dehydriding cycles per hour
with a composition swing per cycle of 1 H/Ti unit. Our
initial objective was to determine whether there is any
inherent deterioration of FeTi or similar materials as a
function of hydriding-dehydriding cycles when pure hydrogen
is used. The data shown in Table 1 establish that no such
deterioration occurs.

Table 1.

High Cycle Test

Temperature Pressure Composition

Complete Change/Cycle Change/Cycle Change/Cycle

Material Cycles °c, Avg. Psia, Avg. AH/Ti, Avg.
FeTi 19568 -1 to +100 428-459 1.11

X _ + _ .
TlF'e.79Mn.15 28411 1 to +100 179-211 1.08
(INCO #2)

TlFe.76Mn.14 26319 -1 to +100 87-114 0.96

The high cycle apparatus was also used to measure
the effect of O, in the hydrogen gas phase on the reacti-
vity of FeTi towards hydrogen. The results of these experi-
ments are summarized in Table 2.
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Table 2.

Poisoning Effect O, in H,

Initial 0, Conc. in H, %4 Reduction in Composition
‘ Change (AH/Ti) Cycle
After After
Mol % 5 Cycles 40 Cycles
1.10 90 90
0.10 40 80
0.01 6 20
0.001 2 9

As expected these data indicate that FeTi is very sensitive
to the presence of oxygen (which may be converted to H,0)
in the gas phase. However, in all cases it was possibie to
restore the alloy to its original activity by subjecting

it to the usual activation procedure.

With respect to the rate of physical attrition (Table
3), the highest rate occurs in the first few cycles after
which it slows considerably. It is also apparent that
pure FeTi is much more resistant to physical attrition than
any of the ternary manganese alloys tested. In this connec-
tion, it should be noted that the FeTi sample was finally
removed after 19,568 cycles. Qualitative examinations
indicated that while a substantial decrease in particle
size occurred, it was not of a magnitude which would cons-—
titute a serious engineering problem. Thls sample is now
undergoing extensive physical and chemical characterization.
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Table 3.
Particle Size Distribution
T1Fe0.7MnO_18 (INCO #1) and FeTi (NL-2)
As a Function of Hydriding-Dehydriding Cycles

Weight Percent

FeTi%#

Screen Classification, — 2o 7M. 187 — —
Mesh 5 Cycles 1115 Cycles 5478 Cycles
+ 16 | 11.4
+ 20 2.9
+ 30 | 2.1
+ 40 | 4.3
+ 60 5.3 6.4 14.7
+ 80 2.0 0.6 16.4
+100 1.5 2.1 11.0
+140 10.1 12.4
+200 32.2 25.5 23.0
+275 19.3 21.5 4,2
+325 17.1 11.8 2.3
_325 14.1 19.7 7.7

¥ Initial particle size range -10 +16 (U.S. Standard Sieve).
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Activation

The usual procedure for activating FeTi specifies high
temperature outgassing (300°C). Such a requirement can
impose difficult problems in large hydride reservoirs where
activation in situ is desirable. Thus a serles of experi-
ments were carried out with manganese containing ferro-
titanium alloys to determine minimum activation temperatures.
This alloy type was chosen because it is of interest for our
particular purpose (stationary storage) and also because 1t
was apparent from our previous work that such alloys could
be readily activated. The results of this work are shown
in Table 4.

Table 4.

Low Temperature Activation Experiments

Maximum
Temperature Elapsed Time Final
Sample (°c) at 500 psi(hr) H/M
'I‘iFeO.,iMno.2 50 3.5 0.94
TlFeO.9Mn0.1 25 27.5 0.98
TlFeO.BSMnO.15 25 19.0 0.98
TiFe;70Mn.l8 25 25 0.91
(INCO #1)

Current and Future Work

The primary goal of the Brookhaven Metal Hydride Devel-
opment Program has been revised. Simply stated it is to
discover and develop new metal hydride compounds having
thermodynamic properties similar to that of iron titanium
hydride, but with significantly greater hydrogen fuel
storage capacities.and which would be attractive for auto-
motive applications.

Our investigation will be concerned primarily, but not
exclusively, with two separate alloy systems, i.e., those
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of magnesium and titanium. Currently, three Mg alloys are
of interest as lightweight hydrogen storage media; i.e.,
Mg2Ni, Mg,Cu and magnesium itself, catalyzed with a small
amount of "Ni or Cu. Unfortunately, all of these hydrides
require relatively high decomposition temperatures, the
most favorable case being the Mg,Cu-H system which has a
dissociation temperature (the tefperature at which equi-
librium dissoclation pressure is 1 atm) of 239°C. All of
these systems were defined several years ago (3). Since
that time, a large number of lightweight alloys have been
examined, but none were found to be more attractive for
automotive storage (4). Nevertheless, a re-examination of
certain low melting alloys, of the type MgM may be profit-
able. Such alloys were originally 1nvestlgated using
accepted alloy activation techniques, i.e., outgassing and
contacting the sample with H, at temperatures which were
high relative to the melting point of the alloy. Under
such conditions the metal atoms have appreciable mobility
and if a hydride phase forms, it is likely to be the phase
which is most thermodynamically favored; i.e., MgH,> rather
than a less stable ternary hydride system. A known example
of such disproportion is as follows:

2Mg,Cu + 3H, <+ 3MgH, + MgCu,

Thus, we will re-examine such alloys using a new approach,
i.e., a low temperature activation technique. Such a pro-
cedure, if successful, could result in the syntheses of
several ternary alloy hydrides having properties substan-
tially more attractive for our purpose than any currently
available.

In the case of titanium alloys, the same consid-
erations hold, particularly for those that are titanium
rich (e.g., TioM type). We have also recently noted (5)
the existence of a novel hydride having a composition cor-
responding to TiCr,H This material, originally dis-
covered as part of oér fundamental research program,¥ 1is
interesting in several respects; i1t contains 2.4 wt % H,
the presence of Cr enhances the hydrogen sorption capacity
and 1t is extremely unstable as shown by the thermodynamic
data listed in Table 5. 1In fact, it is probably too un-
stable for automotive purposes, but it may represent a new
class of hydrides, the properties of which can be modified

¥Supported by the Division of Physical Research, U.S.
Energy Research and Development Administration
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by the addition or substitution of a third metal compo-
nent. Indeed, we have preliminary data (Fig. 1) supporting
this contention in which Mn is substituted for Cr to give
an alloy composition corresponding to TiCrMn.

Table 5.
Relative Partial Molal Quantities Per Gram-Atom

of Hydrogen (298°K) for the Formation
of TiCrzH from TiCr2

Comp.  (E,=4H, ") (5,48 °) (F-%r.%)_a% _ 8%
TiCrzHO.go -1.81 - 9.1 +0.91 -1824 + 9.1927
TiCr,H, g -2.49 -13.2 +1.45 -2502 +13.3014
TiCr,H, 4 -2.55 -13.8 +1.56 -2562 +13.8620
TiCr2H3‘3O -2.21 -15.0 +2.25 -2224 +15.0794
& constants in the equation InP_, = (A/T) + B.
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THE ENGEL-BREWER CORREIATION APPLIED TO THE
FORMATION OF METAL HYDRIDES

C. M. Adkins
Department of Materials Science
University of Virginia
Charlottesville, VA 22901

Our current program is based on the idea that the
characteristics of a particular metal hydride are con-
trolled by the specific electron distributions within the
parent alloy. These distributions are deduced from a
logical interpretation of what happens as the electron
structure of a free atom changes to accommodate the lattice
geometry and are deduced with the idea that they occur
from linear combinations of the hybridized atomic orbitals.
The idea is based strongly on the type of approach used by
Professor Neils Engel and Professor Leo Brewer, which I
want to discuss briefly, and leads to the strong impli-
cation that the reacting species in hydrogenation is the
metal phase, and that the hydride characteristics are not
necessarily predictable from the characteristics of the
constituents taken alone.

A plausible basis for the Engel-Brewer argument comes
from the interpretation of the results of the gquantum
mechanics as is presented by Pauling. He says that the
fundamental principle governing the "natural" states of
matter is that the total energy of the system must be min-
imized. He demonstrates, as an explanation of the cova-
lent bond type, that where equivalent states are available
the total energy may be minimized by considering the
linear combination of available states. He concludes with
the starting point of the E-B correlation with the devel-
opment that in general, each additional electron pair
formed within a molecule tends to stabilize the molecule
further. The most stable state of a molecule is then that
state wherein all of the stable orbitals are used in
either bond formation, or for the formation of internal
pairs.
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Engel and Brewer basically start at this point. From
their observation on llNa, leg, l3A1, ldg; they have pro-
posed that 1, 2, 3, and 4 outer electrons correspond to
the bece, hep, fcec and diamond structures respectively. You
will notice that the ground states generally involve
paired 3s electrons which are promoted so that the maximum
utilization of the valence group is realized. -

Ground State Electron Configurations

llNa lsz; 252, 2p6; 3sl
12Mg lsz; 252, 2p6; 352
13Al lsz; 252, 2p6; 352, 3pl
14Si 152; 2s2, 2p6; 352, 3p2

Promoted Electron Configurations Proposed by
Engel and Brewer

No. of
} Bonding
Element Configuration Electrons Structure
llNa lsz; 252, 2p67 3S1 1 bcc
2 _ 6 1 1
12Mg 132; 2s , 2p ; 3s , 3p 2 hep
2 2
l3Al lsz; 2s , 2p6; 3sl, 3p 3 fcc
2 2 6
14Si ls ; 2s , 2p 3sl, 3p3 4 diamond

In his observation on the structures of the elements,
Brewer observes that, in general, where the 1ls orbital is
clearly singly occupied the bcc structure is the only
structure observed. For the case of the transition metals
he regards the d band as a flexible sink to allow the ns2
pair to dissociate such that the promotion from
(n—l)d(m'z); ns? to n-l)d(m'l); nsl and hence to
(n—l)d(m—z); nsl, np ...etc. occurs in order that maximum
utilization of the outer electrons occurs with minimum
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expense of energy. (n=principle guantum number of outer-
most shell, m=number of s+p+d "valence" electrons). The
most stable state is apparently predicted, where the great-
est difference occurs between the promotional energy ex-
pended to excite the atoms to the higher levels and the
bond energy gained by utilization of the promoted electrons.
From correlations based on extrapolation of the binary
phase diagrams which are known, Brewer has suggested that
the various structures occur over a range of outer (s+p)

electron

i.e.

Although the observations are not based as yet on
strong first principle postulates, the fact that they do
work strongly contributes to their credibility. 1In our
own work,
to the FeTijsHy composition. The Engel-Brewer correlation
works best in the metals of the first and second transition
series where there is little doubt about the nature of the

promoted

approach,
formation of FeTiHj.

Engel-Brewer Approach to FeTi

concentrations.

bbc
2.12 hcep
3 fecc
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they have been used to form alloy hydrides close

electron distributions. To illustrate our
I would like to discuss its application.to the

The
the FeTi
study of
electron
promotes
balances

against the energy gain from the additional bonds that may
be formed.

Iron, in the ground state, has a nonbonding 3d6; 4s
outer electron configuration when it exists as_a free atom.
It has available a 3d7; 4s! and a 3d6; 4st, 4pl configur-
ation with the expense of 20-23 and 55-70 Kcal/mole pro-

motional

application of the Engel-Brewer correlation to
alloy is most convincing of its application to the
metal alloy hydrides. The method considered the
distribution in the ground state of the free atom,
the electrons to near energy configurations, and
the expended promotional energy per mole of atoms

2

energy. The number of bonding electrons go from
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0 in the 3d%: 4s2 to 4 in the 3d’; 4s! to 6 in the 3a%; 4sl

4p1kconfigurations.

Titanium, in the ground state, has a nonbonding 3d2;
452 configuration with a promoted state of 3d7; 4s~. Note
that regardless of the promotional energy expense beyond
this state, no more than four bonding electrons become
available. There will be four electrons available for
bonding in each of iron and titanium with each in its low-
est bonding state. In each case, the bond set consists of
three d electrons and one s electron, forming sd3‘hybrid
bond sets. This bond type has four equivalent orbitals
projecting into space with exact tetrahedral sgmmetry about
the atom, i.e., four bonds are formed each 109~ 28' from
the others, projecting to the corners of a regular tetra-
hedron with the atom at its center, and this coincides
exactly with the FeTi lattice structure.

FeTi is an ordered cubic alloy with an occupied body
center. The two equivalent sites in the lattice are at the
cube corners, and at the cube center. The resonance bond-
ing which occurs between the two sets of equivalent bond
groups further stabilizes the structure with the result
that substantial lattice contraction of about 12% results
compared to the normal atomic volumes occupied by iron and
titanium alone.

If one considers the localized bond configurations of
iron and titanium in light of the available promoted con-
figurations, the localized configurations for the elements
can be developed more completely.

The promotional energy to the lowest excited stateg
assumed previously correspond to 19 Kcal/mole for the d7s
configuration of Ti and 23 Kcal/mole for the d’s config-
uration of Fe. This calculates to 21 Kcal/mole promotional
energy needed to allow the sd3 bond configurations which
were assumed.

For titanium the bond enthalpy for an sd> bond is
calculated allowing 53 Kcal/mole bond for the 4s electron
and 30 Kcal/mole bond for each of the three 3d electrons.
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The bond enthalpy for the sd3 configuration of Ti is thus
143 Kcal/mole. For iron the bond enthalpy calculatlon
involves on 4s and three 3d electron bonds giving 57 Keal
plus 3 x 11 Keal for 90 "Kcal/mole of 1ron The calculated
bond enthalpy for FeTi is then (90 x 143)0-3 or 113 Kecal
per mole FeTi. Thus for the formation of FeTi an expense
of 21 Kcal/mole is more than offset by the 113 Kcal galned
from bondlng and a stable structure results with an average
of one/s electron per atom which Brewer predicts as bcc in
accord with experlmental data on the alloy.

Titanium with the sd3 configuration is using all of
its electrons in bonding. No additional bonding can occur
from further promotion of the valence state and the sd
configuration can be considered a final approx1matlon. For
iron, however, the second promoted state would correspond
to d6sp with a promotional energy of 55-70 Kcal/mole and
would provide the addition of two more electrons for bond~
ing. These electrons probably are involved in weak next
nearest neighbor bonds between the iron atoms in the
lattice. Thus in the approximation one would conclude that
FeTi occurs in the becc structure with Ti in the a3s con-
figuration, and Fe in a minimum energy state between the
d7s and d®sp configurations.

In the alloy, the outer electron contribution of iron
and titanium are 34/ + asl and 383 + 4s! respectively. The
average electron concentration for the lattice type is 3d
+ 4sl with the d band exactly half full. For the @ solid
solution of hydrogen in FeTi, Brewer predicts that the
electron in hydrogen will enter the lattice with about the
same percentages_of s and d character represented by the
lattice, i.e., 5/6 + sl/6. The additional electron forced
into the d band reduces the number of bonding d electrons
to d4-17 ang increases the s + p bonding to sl-17 The
overall bond strength is diminished and the lattice expands
taking hydrogen into solution endothermally. The maximum
solubility of hydrogen in the @ phase should be low (in
the order of 0.05 — 0.5 std ¢c/100 g). This compares with
Reilly's measurements on FeTi at about room temperature of
H/m ~ .1 or 0.15 std cc/100 g.
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The determination of the electronic states in FeTi
applies directly to the prediction of its ability to form
hydrides. It has been shown that Ti, in the FeTi alloy,
occupies a site of tetrahedral symmetry with all electrons
involved in strong nearest-neighbor bonding. Examination
of the monohydride structure deduced from the diffraction
work of Reilly shows that Ti remains in a site of fourfold

- symmetry incompatible with H-Ti bonding. Iron, on the

other hand, has a predicted d6sp configuration available
with four electrons tied into nearest-neighbor bonds in the
lattice and two electrons involved in weak next-nearest-
neighbor bonds. These next-nearest-neighbor bonds may be
broken and tied into hydrogen with hydrogen entering the
octahedral sites at either the face centers or cell edges.
This predication is compatible with the tetragonal distor-
tion of the basic cell evidenced in the formation of the
monohydride FeTiHj; g. The electron configuration which has
been deduced for Fe affords two electrons per Fe atom for
hydrogen bonding and predicts the final stoichiometry of
TiFeH,, as is confirmed by the extensive efforts of Reilly
who has determined that FeTiH, is the final stoichiometry
of the system.

A calculation of the thermodynamic processes involved
in our model give a very close approximation to the numbers
published by Reilly, however, the uncertainty in some of
the assumptions seriously affect the certainty with which
the final result can be viewed. We must now test and
refine the model so that it may be used specifically to
predict the hydride formation mechanism of the proposed
alloys.
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NEW MELTING TECHNIQUES FOR THE
PRODUCTION OF HYDRIDING GRADE FeTi

Gary D. Sandrock
The International Nickel Company, Inc.
Paul D. Merica Research Laboratory
Sterling Forest
Suffern, NY 10901

INTRODUCTION

The BNL developed hydrogen storage alloy FeTi(1l)
is far more complex metallurgically than its simple
formula implies. This complexity is reflected in the
hydriding behavior of alloys based on FeTi. A detailed
survey of the interrelations among composition, micro-
structure, and hydriding behavior for alloys based on
the intermetallic compound FeTi was presented at the
First Annual Information Meeting for ERDA Contractors
in the Hydrogen Energy Program and elsewhere (2-4).
Among other things, this work emphasized the role of
the contaminant oxygen in producing the Fe,Ti,o0s
phase in the microstructure which (a) severely reduced
H-storage capacity, (b) increased the rate of decrepi-
tation (particle size breakdown), and (c) increased
activation rate. Although increased activation rate
was considered desirable, reduced H-capacity and in-
creased decrepitation resulting from O-contamination
were considered most undesirable for engineering ap-
plications of the alloy in hydrogen storage devices.

Thus the key to the optimum use of FeTi, and
related alloys, was shown to be alloy preparation
techniques that minimized final alloy O-content.
Although the arc and electron beam melting techniques
used today in the Ti-alloy industry are capable of
producing excellent purity FeTi, lower cost, more
conventional melting techniques are desirable. In this
paper I report on the work under this contract which
has led to two new techniques to melt high quality,
hydriding grade FeTi in conventional vacuum induction
and air induction furnaces: (a) the vacuum induction
melting of FeTi in high purity graphite crucibles and
(b) an air melting/rare earth deoxidation technique.
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VACUUM INDUCTION MELTING IN GRAPHITE CRUCIBLES

Vacuum induction melting is a common and well
known procedure used to produce a variety of specialty
base metal alloys (e.g., high temperature Ni-base
alloys). In general this procedure is not used for the
melting of high-Ti alloys because of the high reactivity
of Ti with common oxide crucibles such as Al,O;, MgO,
and ZrO,.

Using sponge Ti and electrolytic Fe as raw materials,
a series of successful melts were made in graphite
crucibles along the lines developed by Buehler of the
Naval Ordnance Lab for the "memory alloy" NiTi(5). A
priori, one would probably not expect graphite to be a
useful crucible material for melting FeTi because both
Fe and Ti individually have high solubilities for C in
the liquid state. However, the equiatomic composition
apparently has a very low solubility for C, on the
order of 0.05-0.15 wt. % in the vicinity of 1425°C.
High purity, high density graphite (e.g., Grade ECL)
was found to give excellent results in the melting of
hydriding grade FeTi as long as the melt composition
was maintained in the 50-50 region. As shown in Figure
1, material so produced exhibits virtually identical
hydriding properties with fairly high purity material
produced by cold crucible, consumable electrode melting.
Hydrogen capacities and general curve shapes are fully
equivalent. In addition to FeTi, the procedure was
also found to be useful in melting related alloys such
as (Fe,Mn)Ti.

MELTING IN AIR INDUCTION FURNACES WITH RARE EARTH
DEOXIDATION

The possibility of simple low cost melting of FeTi
in conventional air induction furnaces was explored in
detail. As in vacuum induction melting, crucible
material was found to be important. Although a pure
graphite crucible cannot be used because of its poor
oxidation resistance, clay-graphite was found to be a
useful substitute. Preliminary trials using crude
argon blankets resulted in oxygen levels on the order
of 0.3 to 0.35 wt. %, somewhat higher than our target
of less than 0.1 wt. 3.
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Extensive work was done on melt deoxidation tech-
niques resulting in considerable success when rare
earth elements were added to molten FeTi. The rel-
atively low cost ($3.20/1b) rare earth alloy mischmetal
was found to be technically and economically superior
to Ce or La. The hold time between mischmetal addition
and final pour was found to be important. The best
results were obtained with the 8 kg melts of this study
by adding 4 wt. % mischmetal about 2 minutes before
final pouring. The hydriding curve of FeTi produced by
this method is fully equivalent to arc melted FeTi, as
shown in Figure 2. An additional advantage of rare
earth treatment is that a small amount of excess rare
earth phase is present in the microstructure which
greatly aids activation.

The air or argon-blanket induction melting of
FeTi, followed by rare earth deoxidation respresents a .
simple, powerful new method of producing FeTi. We have
scaled up melt size to 100 kg and see no reason why
multi-ton heats cannot be made by this procedure. The
procedure has also been found valid for the production
of related alloys such as (Fe,Mn)Ti.

FUTURE WORK

Although this work has indicated a direction in
reducing the cost of high quality, hydriding grade FeTi
by allowing its production in conventional air and
vacuum induction furnaces, its cost will still remain
undesirably high because of the inherently high price
of Ti, both primary sponge and secondary scrap. Work
will continue under this contract in the directions of
cost reduction. In particular efforts will be made to
survey the feasibility of low cost production directly
from ilmenite (FeTiOs;) ore, especially when combined
with remelting techniques such as described in this
paper.
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HYDROGEN COMPATIBILITY OF STRUCTURAL MATERIALS
FOR PRESSURE VESSELS AND PIPELINES

S. L. Robinson, H. J. Saxton
Sandia Laboratories
Livermore, CA

The program at Sandia Laboratories is directed
towards obtaining engineering data related to the use
of structural steels for energy systems containing
gaseous hydrogen. The work has focussed upon two
applications: (1) iron-titanium hydride containment
materials for the Brookhaven National Laboratories
(BNL) program concerning off-peak electric energy
storage, and (2) containment of hydrogen by inexpen=-
sive materials in hydrogen storage and transmission
systems.

Support of the BNL program has included selection
of materials for FeTiHy containment vessels. Tests
performed were, tensile tests and slow crack growth
tests, in both air and high pressure hydrogen, of both
welded and unwelded materials. Long-term test specimens
were designed, loaded and installed by Sandia in a test
bed at BNL for accelerated hydride cycling. Postmortem
analysis of the specimens will be performed at Sandia.
A welding specification for mild steels in hydrogen
service has been developed and forwarded to BNL, and
modifications will be made as experience is gained.

Several efforts aimed at developing more hydrogen
compatible mild steels for future energy systems have
been initiated. Both alloy chemistry modification and
thermomechanical treatment are being utilized. Alloy
purity, alloy element distribution, inclusion character
(shape and composition), microstructures, and subsequent
hydrogen compatibility are the variables being explored
using the matrix of materials outlined in Table 1.
Initial efforts indicate that significant improvements
in compatibility are possible, without sacrificing
strength. '
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Protective coatings are often considered as a
means of protecting a vulnerable structure (e.g. a
weld zone) from embrittlement by hydrogen. However,
the criteria which distinguish a good coating from a
bad coating have not been fully identified. Further,
the applicability of coatings is limited to specific
structures. Other serious concerns are reliability
and cost. These concerns are being addressed in this
program. Protective coatings have been applied to
mild steels by electroplating, plasma spraying, and
pyrolysis of specific compounds such as silane gas
(SiH,), and their performance in hydrogen has been
evaluated by tensile testing. Thick dense plasma
sprayed aluminum coatings appear to give the best
performance in tensile tests, with least preparation
and cost.

An alternative approach to protection of easily
hydrogen embrittled materials is to add gaseous
inhibitor, which is preferentially adsorbed on the
surface and allows less hydrogen to contact the
material. This approach is incompatible with systems
requiring high purity hydrogen, but may have applica-
bility in less pure systems. The best inhibitor,
oxygen, is usually considered unacceptable from the
safety viewpoint. Other known inhibitors such as CO
and SOy may also be unacceptable because of their
toxicity. We are searching for other gaseous additives
which may be more acceptable and for alloy chemistry
changes which may give protection.

Welds in steels account for the most failures in
hydrogen environments, since most cracks occur in the
weld zone. The choice of welding parameters, filler
metals, and welding processes may affect the hydrogen
compatiblity of both the fusion zone and heat affected
zones. Fusion zone properties vary with weld pool
geometry, filler metal chemistry, number of passes and
specific welding process used. The heat affected zone
properties are being studied by the method of tempera-
ture profile simulation, in which the time-temperature
cycles which welding imposes on the base metal are
reproduced.

150




Fhe primary hazard of premature failure in mild
steels by hydrogen embrittlement is environmentally
assisted cyclic fatigue, rather than sustained load
crack growth. Significant contradictions and gaps in
knowledge exist in the literature. Therefore, fatigue
tests of welded and base metal mild steels are being
initiated to assist predicting structural lifetimes
and setting inspection criteria. ‘

An experimental hydrogen pipeline is nearing
completion. The pipeline will perform specific
materials tests relating to weld quality and defect
tolerance, applicability of specific joining processes
and inspection requirements. Table 2 lists some of
the experiments to be performed. This phase of the
program addresses the use of existing natural gas lines
for hydrogen transmission, and the setting of codes
for future pipelines. Sandia's experience with the
"real world" of nondestructive inspection will be
discussed. -
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TABLE 1
EXPLORATORY ALLOY MATRIX
BASE METAL A516 GRADE 70

HEAT ADDITIVES REFERENCES CARBCN WORKING SULFIDE
EDUIVAImfA) SCHEDULE CONTROL
(APPROXIMATE) i .
1 None (Melt & Cast Only) 0.38 to 0.45 Hot Worked None
_ Warm Worked
2 (B) (X w/o rare earth "~ unchanged " I.s5.C.
R.E.) : :
3 Sulfur level reduction unchanged n Volume Red.
: + I.S.C.
4 0.1 w/o Ti 9~13,16,20 slight decrease ". None
5 0.3 w/oTi " 0.37-0.44 » None ,
- 6 0.3 w/o Ti, X w/o R.E. " (A) Warm Worked I.S.C.
N 7 0.5 w/o Si " Hot Worked None
8 0.5 w/o Si + " (a) Hot Worked I.s.C.
X w/o R.E. : . Warm Worked
9 0.5 w/o Si + same, parti- (a) " Volume Repro—
lowered S level cularly 20.21 duction + I.S.C
10 0.30 w/o Cu 14,15 0.39-0.46 " ,
11 0.3 w/o Cu + 0.3 w/o 13-15 " None
Ni

(A) Assume base metal is 0.25 w/o C, 6.8 w/o Mn. Sulfur is not calculated, but plays a role
in weldability (21). Silicon probably raises C.E. No C.E. for Ti.is available. C.E.
is given by reference (13).

(B) xisapararetertobecalculatedfranthesulfurlevelofﬂxebasemtal, see Sulfide
‘Inclusions In Steel, A.S.M. 1975 Metals Park, Chio.




TABLE 2.
MODULAR EXPERIMENTS

High stresses

Marginal Welds

Intentional flaws

Permeation

New alloy, coupling, and coating qualification

Cathodic charging effects
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STUDY OF THE BEHAVIOR
OF GAS DISTRIBUTION EQUIPMENT
IN HYDROGEN SERVICE

W. J. Jasionowski and J. B. Pangborn
Institute of Gas Technology
IIT Center, 3424 S. State Street
Chicago, IL 60616

This program is part of a long-range (5-year) effort

- to supply needed information about hydrogen delivery in a
gas-distribution system.  The overall program will deter-
mine operating, safety, and materials problems associated
with the use of hydrogen in conventional distribution
equipment. In this program three "model" distribution
systems (Residential, Commercial, and Safety Test) are
being constructed with components donated or loaned by man-
ufacturers and gas utility companies. These components
will be operated under closely monitored laboratory condi-
tions. After system assembly and leak-testing with stan-
dard procedures, the leak rates of the systems and of
selected components, operating on natural gas and on hydro-
gen for a continuous period of about 6 months, will be
compared. The model systems will be operated on hydrogen
for a continuous period, after which parts of the systems
will be disassembled. Chosen components will then be ex-—
amined and tested to identify and document notlceable ef-
fects of hydrogen exposure.

Pigure 1 presents the preliminary design of the Resi-
dential Model. As shown, the Residential Model is composed
of four subloops and a bypass. The four different subloops
will utilize different materials of pipeline construction:
1) steel, 2) copper, 3) plastic (high-molecular-weight,
high-density polyethylene), and 4) cast iron. In operation,
a single-stage compressor will feed 15 SCFM of natural gas
or hydrogen to the Residential Model at a pressure between
60 and 70 psig. The compressed gases will pass through an
aftercooler to reduce gas temperatures to ambient and
through a surge tank to dampen pulsations. A regulator
will reduce pressure to 50 to 60 psig, simulating pressures
in the distribution mains and the service lines to resi-
dential consumers. In the case of cast iron construction,
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the pressure will be reduced further by another pressure
regulator to 10 psig. At the simulated building line (i.e.,
the termination of the service line), the distribution pres-
sure (50 to 60 psig and 10 psig) will be reduced further by
a service regulator to 6-inches water column. The gases
will then pass through a domestic gas meter, to the inlet
of the compressor, and be recompressed and recycled. Flow
will be controlled and proportioned through the subloops
with needle valves and the bypass.
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Figure 1. Residential Model.

Figure 2 presents the preliminary design of the Commer-
cial Model. As shown, the Commercial Model consists of one
loop and a bypass. The pipeline material will be steel.

In operation, a two-stage compressor will feed 15 SCFM of
natural gas or hydrogen to the Commercial Model at a pres-
sure between 180 and 200 psig. The compressed gas will
pass through an aftercooler to reduce gas temperatures to
ambient and through a surge tank to dampen pulsations. A
line regulator installation will reduce the pressure to
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150 psig, simulating pressure reductions in feeder and .:...
trunk mains. Another regulator downstream, in séries, will -
reduce the pressure further to 50 to 60 psig, simulating . . . -
pressures in the distribution mains and service lines. At .
the simulated building line (i.e., the termination of the . .-
service line), the gas will pass through a dust filter, and:
the pressure will be reduced by a commercial-type service
regulator to 1l psig. The gases will then pass through ., ..
several commercial gas meters (e.g., diaphragm, rotary, or .
turbine) connected in series, to the inlet of the compres-
sor, and be recompressed and recycled. Flow will be con-
trolled and proportioned with needle valves and the bypass.
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Figure 2. Commercial Model.

Figure 3 presents the preliminary design of the Safety
Test Model. As Shown, this model consists of one loop with
a Leak Zone and a bypass. The Leak Zone will provide a
space for testing and defining problems associated with
mechanical or corrosion leaks, leak clamps, ruptures, and
rupture safety devices. The pipeline material will be
steel, except at the Leak Zone. 1In operation, a single-
stage compressor will feed 10 to 15 SCFM of natural gas or
hydrogen to the Safety Test Model at a pressure between 60
and 70 psig. The compressed gases will pass through an
aftercooler to reduce gas temperatures to ambient and
through a surge tank to dampen pulsations. A regulator will
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reduce the pressure to 50 psig, simulating pressures in the
distribution mains and service lines. The gases will then
pass through the experimental setup in the Leak Zone, to
the inlet of the compressor, and be recompressed and re-
cycled. If leakage is a problem, the gas flow will termin-
ate in the Leak Zone, and the gases will be vented to the
outdoors. The Safety Test Model will be operated intermit-
tently, whereas both the Residential and Commercial Models
will be operated continuously.:
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Figure 3. Safety Test Model.

Twelve manufacturing concerns and two local utilities

are supplying the following items in duplicate:

e Piping (steel, copper, plastic, and cast- -iron)

® Pipe coupllngs, fittings, transitions, and
insulators

® Gas distribution valves

® Pressure regulators and reliefs

® Service connectors

@ Service fittings

® Risers

® Curb/meter valves

® Filters

® Service regulators

® Meters (diaphragm, rotary, and turblne)

® Joints (welded, threaded, flanged, compression-—

fitting, and bell-and-spigot)
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® Pipe repair clamps and sleeves
® Service rupture shutoff/safety devices
® Pressure gauges.

The three compressors were procured from the Corken
Pump Co. The compressors are reciprocating piston machines
with Teflon (TM) rings and Teflon (TM) dynamic seals for
oil-free operation in natural gas and/or hydrogen service.
They were selected over diaphragm models on the basis of
costs and delivery time. '

Leakage measurements on components will be accomplished
by a sealed-volume technique, which consists of enclosing
the component in a gas-tight constant-volume container
constructed of sheet metal and/or Plexiglas (TM). The con-
tainers will be filled with an inert gas, and we will mon-
itor the rate of rise of the hydrogen concentration.

Samples will be drawn from the enclosures at varying time
intervals (depending on the leakage rate) and analyzed by

a mass spectrometer. Each container will be calibrated by
introducing known amounts of hydrogen into the container and
withdrawing samples for analysis by the mass spectrometer.
The pressure and temperature of the containers will also be
monitored.

Total system leakage will be determined by the pressure
decay method. Pressures will be continuously monitored by
strain-gauge pressure transducers in the models. Periodic
calculations will be made to determine the hydrogen content
of the model loops, and, when the system's hydrogen content
falls below 90% of the initial charge, makeup hydrogen will
be added.

Tests of leaks deliberately caused by drilling small
holes, loosening fittings, and overpressurizing regulators
will be conducted in the Safety Test Model devoted to these
studies. Occurrence or nonoccurrence of autoignition will
be noted. 1In some cased the leaks will be ignited, and the
temperatures, apparent damage, and other visible effects to
adjacent components will be noted and assessed. ‘
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After six months of operation, the model systems will
be disassembled, and individual components and parts will
be checked against the inventory. The parts will then be
weighed, measured, and otherwise examined and compared with
the unexposed duplicates to document apparent changes,

Approximately 30 to 40 selected parts and samples w1ll
be delivered to the Department of Metallurgy and Materials
Engineering of the Illinois Institute of Technology (IIT)
for examination and materials testing. This testing will
provide a qualitative indication of mechanical and struc-
tural changes in the materials that have been exposed to
hydrogen. It will lead to recommendatlons for further ex—.
posure and quantitative property tests in the future. The,
materials examination is not intended to be a study of
"hydrogen embrittlement”; its purpose is merely to 1dent1fy
and document instances where significant changes in mater-
ials properties have occurred.

Progress Report Addendum

Twelve manufacturers and two local gas utilities were
invited to participate in the program by furnishing mater-
ials and components that could be utilized in the three
distribution models. All of the companies responded af-
firmatively; they are as follows:

American Meter Division of Singer Company.

‘Republic Steel Corporation

Rockwell International/Municipal & Utility Group

Kerotest Manufacturing Company

Mueller Company

Sprague Meter Company

Dresser Measurement Division of Dresser
Industries, Inc.

M. B. Skinner Company

Phillips Products Company, Inc.

Fisher Controls Company

Dresser Manufacturing Division of Dresser
Industries, Inc.

E. I. Du Pont De Nemours and Company/Plastlc
Products and Resins Department
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® Northern Illinois Gas
® The Peoples Gas Light & Coke Company

To date these companies have donated or loaned well
over one hundred components in duplicate. The estimated
value of these items is $20,000. Also, four companies are
furnishing special tools and equipment and the services of
trained technicians to install their gas distribution com-
ponents in the models.

Twenty compressor companies were surveyed to procure
laboratory type (i.e., low capacity) compressors for nat-
ural gas and hydrogen service. Five concerns furnished
quotations on their units; costs ranged from $2,200 to
$28,000 each and delivery was estimated to be 10 to 36
weeks. We purchased three units from the Corken Pump
Company at a cost of approximately $12,300. The compressors
were delivered; water and electrical power is being con-
nected to the units. /

Preliminary designs of the three distribution models
were made to select components and materials from the
participating companies. Three dexion-angle gratings were
constructed to support the piping and components of the
model distribution loops. Final assembly drawings are be-
ing prepared to layout piping and component configuration
and to establish the components that are to be closely
monitored.
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HYDROGEN EMBRITTLEMENT -
THE EFFECT OF STRESS STATE

M. R. Louthan, Jr. and R. P. McNitt
Virginia Polytechnic Institute and State Unlversity
Blacksburg, Virginia 24061

The concept that "maximum triaxiality" plays a vital
role in hydrogen embrittlement processes 1s recurrent
throughout the hydrogen in metals literature. Orlanl (1),
for example, considers only the effect of the hydrostatic
component of stress in the development of a decohesion
theory for embrittlement. This theory incorporates the
earlier work of Troiano (2) which suggested that hydrogen
is concentrated in the regions of maximum triaxiality and
that fracture process is inltiated in that region. If it
is assumed that the triaxiality concept means that the
three principal stresses are equal, the shear stresses in
the region of fracture initiation must be identically zero
and dislocation motion is not feasible. Thus, the triax-
iality concept excludes any role for dislocation motion
in the hydrogen embrittlement process. Further, 1t predicts
that design criteria based on unlaxlal tensile loading of
components exposed to hydrogen are more conservative than
criteria based on either biaxial or triaxial loadings.
These design predictions are in direct opposition to cri-
teria based on a dislocation transport model for hydrogen
embrittlement.

The hypothesis that dislocation motion is involved in
hydrogen embrittlement processes has received increasing
support in recent years (see References 3-6 for example).
Shear stresses must be present if dislocation motion is to
occur; thus, loadings which approach triaxiality and there-
fore minimize the tendency for dislocation motlon should
minimize the susceptibility to hydrogen embrittlement.
These arguments indicate that the stress state of a par-
ticular component may play an important role in determining
the susceptibility of that component to hydrogen embrittle-
ment. However, the apparent favorability of any particular
stress state depends on which embrittlement mechanism is
assumed to be operative.

- The most complex stress state may be reduced to a
state of purely normal stresses, 0y, Op, and O3 Further-
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more it is known that the absolute maximum shear stresses
are related to these normal stresses; they act on planes
which bisect the principal planes and are given by

0,=0 - 0,~0 0,=0
1 2 > 2 -2 4 3 2

A proper fallure criteria which uses experimental data
obtained from uniaxial tests to predict the failure (or
vielding) of a material subjected to a triaxial stress
state has been the elusive goal of researchers for many
years. Defining Op = Stress at failure in uniaxlal test,

v = Poisson's ratio, and ordering the principal stresses
so that ¢, > Oy > 03 typical failure criteria which have
been used are:

A, Maximum Stress Theory. This essentially ignores
all sfresses except the largest one and failure is
predicted when 01 = Op

B. Maximum Strain Theory. This theory states that
failure occurs when the maximum strain is equal to
the uniaxial strain at failure (note that the
elastic stress-straln equatlons are presumed valid
up to failure)
oy - v(02+02) = Og

C. Maximum Shear Theory. Essentially states that the
maximum shear stress alone is the controlling
factor in failure, 01—03 = op

D. Strain Energy Theory. An early attempt to account
for all three of the principal stresses. Assumes:
linear elasticity to failure

2 2 2

| 2
0,7 + g, + o3 - 2v(0102 + 0y05 + 0103) =g

F

E. Distortion Energy (Octahedral shear theory etc.).
Considers the three values of maximum shear stress
states simultaneously.

2
F

It is patently clear that in general the above theo-
ries will predict quite different stresses and strains for
fallure even in an unembrittled homogenous material. The
maximum shear stress and the distortion energy theories
define failure on the basis of the developed shear stresses

(01—02)2 + (01—03)2 + (cé—o3)2 = 20
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and thus predict that failure would never occur for hydro-
static tension,Maximum stress and strain theories on the
other hand relate more closely to deformation models of
failure. As might be expected experience has shown that
failure of ductile materials, under non hydrostatic stress
states, 1s described by the maximum shear and dlstortion
energy theories while fallure of brittle materials 1s des-
cribed by the maximum stress, or strain theories.

Embrittlement of materials by hydrogen or other envi-
ronments further complicates the failure criteria partially
because the stress state may influence whether and by how
much a particular region in a load carrying member is
embrittled. Furthermore, hydrogen may change the faillure
mode and effect deformation processes. As an illustration
of the above, consider the following: Localized, high
hydrogen concentrations may be developed because hydrogen
diffuses to regions of maximum lattice dllatation. Such
segregation is maximized by a triaxlal state of stress.

" Fallure or hydrogen embrittlement on the other hand may

occur by either a brittle or ductile process. Ductlle
processes require dislocation motion which is minimized by
the same triaxial stress state. Thus alloys, such as most
austenitic steels which fail by microvold coalesence even
when severely embrittled may not show any embrittlement
when the hydrogen concentrations are developed because of
triaxial stress states. If, however, the localized hydro-
gen concentrations were developed because of dislocation
motion-- which requlres shear stresses--embrittlement might
result because of the locallzed concentration. Thus, the
embrittlement-failure process may be a complicated combi-
nation of stress state and hydrogen transport mechanisms.

There 1s experimental evidence to suggest that some
materials that appear embrittled in uniaxial tension (for
example A-286 stalnless steel) are not as severely embrit-
tled under the particular complex stress states such as
exist in the disc rupture test (7). We are presently in-
vestigating the behavior of A-106 steel and 4340 in the
presence of hydrogen 1in attempts to determine how the
failure process depends on stress state. The information
developed in thils study will then be utilized to relate
the actual stress state expected in service, to the par-
ticular material used and its expected propensity to hydro-
gen embrittlement. To demonstrate the effects of stress
state, cylindrical pressurized and axially loaded test
specimens willl be used to study a wide range of stress
states.
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Consider the pressure vessels shown below where t << R.

Cylinder Sphere *

DR
2t NRt
PR

t

Fig. 1

The resulting stresses for various loadings are given
in Table I. The terms "in-plane" and "out-of-plane" have.
meaning due to the thinness of the material.

TABLE I

EFFECT OF LOADING ON
MAXIMUM AND SHEAR STRESSES IN TEST SAMPLES

Max. - In Plane Out of Plane

Stress Shear Shear
Sphere 20 .8 lo
Cylinder P = 0 20 g/2 lo
Cylinder P/2Rtm = © 20 0 lo
Cylinder,
no pressure
uniaxial load 20 lo 1o

Combinations of axial loads and pressurization of
the cylinder can produce (1) a unlaxlal stress state,
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(2) a regular cylindrical pressure vessel or pipeline, and
(3) a spherical configuration. In all cases the maximum
stress and the "out of plane" shear stresses would be the
same. '

A:pbssible rationale for the influence of the
"in plane" shear on hydrogen embrittlement susceptibility

is,suggested by Fig. 2.

Isometric View

Volume of influence of "in-plane"
Shear stresses . lt

> -

Side View
Volume of influence of
"out-of-plane" Shear
stresses

01

Fig. 2

Sketches indicating the relative volumes'from which
hydrogen could be transported by means of shear
stresses. :

' As can be seen from Fig. 2, the volume of influence of
the "in plane" as compared to the "out of plane" shear
stresses is at least an order of magnitude larger, thus
enabling hydrogen to be able to be drawn from a much larger
reservolr and in some cases to cause embrittlement while in
other cases the minimum hydrogen content necessary for em-
brittlement would not be achieved. :

Thus,

1. If it is primarily the "in-plane" shearing forces
that drive dislocations, and
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2. If the dislocations indeed transport hydrogen, and
3. If the achievement of some threshold amount of
hydrogen 1s required at some high energy site,

Then this model should, for very thin specimens, predict
that in a hierarchy of severity of hydrogen embrittlement
the worst case would be '

1. Uniaxial tension, next would be

2. Cylindrical state and least affected would be

3. the spherical case.

There 1s experimental evidence which supports this hypothe-
s8is for particular materials and evidence from disc rupture
tests suggests that such behavior varies from material to
material. :

The experimental program at Virginia Polytechnic Ins-
titute and State University is designed to address these
complex stress state-embrittlement process 1lnteractions,
with the ultimate goal of relating the results of our work
to the development of conservative design criteria.
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AUTOMOTIVE HYDROGEN STORAGE WITH MAGNESIUM HYDRIDE

1 D. A. Rohy, J. F. Nachman, T. E. Duffy and A. N. Hammer
| , Solar Division of International Harvester
| ‘ 2200 Pacific Highway

San Diego, CA 92138

On-board fuel storage is a basic limitation to the use
of hydrogen as an automotive fuel. Metal hydrides can
store hydrogen at the same volumetric density as cryogenic

- methods, but generally incur serious weight penalties.
Among the relatively common materials, magnesium-base
alloys offer the best (lowest) weight density. The
objective of this program is to develop a magnesium-base
alloy to store hydrogen that meets the operating
constraints of a conventional automobile with a spark
ignition engine. Specific constraints include:

e Dissociation Temperature

A maximum 200 C hydride dissociation temperature.
Vehicle exhaust will be used to supply the heat of
dissociation.

. Weight

It must store 9 to 23 kg (20 to 50 pounds) of
hydrogen with total weight of hydride metal plus
containment tank and heat exchanger system ‘
sufficiently low to not seriously impair vehicle
performance.

. Waste Heat Utilization

The heat of dissociation and temperature pressure
relationship must be in a range that allows waste
heat of the engine to be utilized for hydrogen
generation.

. Rate of Dissociation

) The hydride must dissociate at a rate to supply a

continuous flow of hydrogen for steady state 0.62
g/sec to 1.25 g/sec (5 to 10 pph) and transient
3.15 to 6.3 g/sec (25 to 50 pph) fuel flow rates.
l The system must be designed to handle virtually
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instantaneous flow transients from idle to maximum
flow.

. Cost

The cost of the basic hydride must be compatable
with automotive requirements of less than $2.20/kg

($1.00/ pound).
. Startup

A startup system to supply hydrogen immediately
from cold start must be provided.

* Storage Density

The volume/pound of hydrogen must be sufficiently
low to allow installation in a vehicle and, thus,
must be c%ose to the dgnsity of liquid hydrogen
0.07 g/cm™ (4.4 1lbs/ft”).

There are four general methods of storing hydrogen for
vehicular fuel: metal hydrides, cryogenic, compressed gas
and chemical carriers. Many studies exist on these
competing techniques (1). Metal hydrides can store more
hydrogen per unit volume than normal high pressure or ‘
cryogenic techniques. Little energy is required to store
the hydrogen in the hydride, and high stability at room
temperature ensures low losses over long storage periods.
Safety features of metal hydride storage are favorable.
Because of its low weight and high hydrogen storage
densities, modified magnesium hydride offers the greatest
potential for automotive storage of hydrogen. Recent
experimental and analytical work has been directed toward
the optimization of this storage system.

While several hydrides have been considered for auto-
motive use, only two, iron-titanium (FeTi) and magnesium
(Mg) based alloys, can come close to satisfying the basic
constraints of

. Inexpensive nonstrategic material

. Low weight density

. High hydrogen density

. Moderate dissociation temperature

. Good kinetics
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The properties of these two alloys are compared in
Table I.

Table I
Hydride Comparison

FeTi Mg Alloys
Weight for 320 km Range (lbs) 1270 420
Cost Per Vehicle ($) | 1300 520
Hydrogen Capacity (%) | 2 ’ 7
Dissociation Temperature (C) 0 245
Kinetics | Acceptable Fair

Except for the high dissociation temperature and fair
kinetics, the Mg alloys are better suited to a mobile
system. The goal of the present program is to reduce the
dissociation temperature to 200 C. To accomplish this
goal we have alloyed Mg with Ni, Zn, Cu, Si, V, Ga and Ce.
The effect of each addition on the dissociation
temperature and kinetics has been noted.

From experimental data developed in this study, the
modified Mg-Ni alloys offer the greatest potential for
reaching that goal. Dissociation temperature at one
atmosphere hydrogen pressures is reduced to 249 C for an
alloy of Mg, Ni, Cu, V and Zn from 302 C for Mg Ni H .
Nickel content has been reduced to 9.3 percent 2+8m 8l x
percent in Mg, NiH . Another Mg alloy now under test has
displayed a dzssogiation temperature of 233 C. Data is
still being acquired on this system.

Considerable work remains before one of these alloys is
found in an operation fuel storage system. This work
includes a thorough study of the dehydriding kinetics and
an optimization of the hydrogen capacity.

In summary, we have found metal hydrides to be viable
hydrogen storage media for vehicular fuel. BAmong the
hydrides modified magnesium alloys are the best for this
application. Alloy modification studies are underway and
have been successful in reducing the high dissociation
temperature of these alloys. Further work on hydrogen
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capacity and reaction kinetics is planned.

Reference

l. E. E. Ecklund and F. L. Kester, "Hydrogen Storage on
Highway Vehicles: Update '76", Proceedings of the lst
World Hydrogen Energy Conference, March 1976.
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A PROGRAM FOR A

HYDROGEN~-FUELED INDUSTRIAL VEHICLE

J. T. Mehne and T. J. Pearsall

Teledyne Continental Motors
‘Muskegon, Michigan 49443

This paper describes a program being carried out under
contract to ERDA under the Hydrogen Energy Program by Tele--

dyne Continental Motors.

I. SCOPE

The program is structured to consist of three
main phases:

A.

Literature search - to compile data cover-
ing all phases of the use of hydrogen in
engine-powered eguipment.

Application selection - to select an
appropriate industrial vehicle within the
application field, and to determine suit-
able systems required to power that
vehicle with hydrogen fuel.

Preliminary installation - to make a pre-
liminary installation design encompassing
data and systems, as defined in Phase B,
within an existing industrial vehicle.

It is anticipated that this phase could
lead to an actual test installation to
include the latest technologies, and pro-
vide a practical near-term test bed.

II. APPLICATION FIELD

The general field of application chosen for
this program is that of industrial, in-plant,

171




III.

internal combustion engine powered fork lift
trucks.

The typical operating cycles for these
vehicles encompasses a wide range of power load-
ing and engine operating speeds, combined with a
high utilization factor in terms of hours worked
per day. ‘ '

In addition, the in-plant fork truck is an
attractive application for hydrogen fuel because
of the major reduction in gaseous emissions ob-
tainable; the established use of central fueling
stations for conventional fuels; and the large
amount of cast iron carried on the truck to act
as a counterweight to the fork load, and which
can be replaced effectively by the metal hydride
storage tanks.

LIFE CYCLE COSTS

The costs to own, operate, and maintain a
typical 4000-1b. rated fork truck with a gasoline-
fueled internal combustion engine, and a battery-
powered electric truck, over the life of the
vehicle are as follows:

Gasoline Battery.
ICE Powered

Cost to Own, Operate
and Maintain ($/Year) $ 6117. $ 6295.

These data are based upon gasoline at $.47
per gallon, and electricity at $.033/Kwh, and
provide a base line in terms of 1976 costs upon
which to compare developed costs of hydrogen-
powered vehicles.
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Iv.

KNOWN ' PROBLEM AREAS

The following general problem areas are
known to exist, and will be considered in this
program' with the expectation of further defin-
ing the effect of each with respect to an in-
dustrial vehicle. ~

‘Mlscellaneous fuel leaks. Hydrogen is

odorless.

Invisible flame: Effect of ruptured

;hydrlde tanks,~etc.

'Engine lubricating oil life. Hydrogen-

ation.

Embrittlement of critically stressed
structures.

Knock limit and back-fire preVention.

Fuel storage, both on vehicle and at
the fueling center. :

In conclusion, we at Teledyne'Continental Motors
look forward to a continuing program of hydrogen-fueled
engine research that can lead to a clear definition of the
practical and economic elements that would go into the
consideration of hydrogen as a long range fuel alternative.
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APPENDIX

Contractor's Fact Sheets

Argonne National Laboratory lee
Brookhaven National Laboratory A2

Burns and Roe, Inc. ' A3

Exxon Research & Engineering Company Al
- General Atomic‘Company A5

General Electric Company A6

University of Georgila AT

Institute of Gas Technology A9

Institute of Gas Technology A10
International Nickel Company, Inc. A1l
University of Kentucky Al2
University of California (Lawrence Livermore Lab.) A13
Lockheed - California Company A1l
Los Alamos Scientific Laboratory Al5
Middle Tennessee State University A16
Public Service Electric & Gas Co. Al7
Sandia Laboratories | A18
International Harvester, Solar Div. Al9
Stevens Institute of Technology A20
Teledyne Continental Motors A22
Teledyne Energy Systems A23
Virginia Polytechnic Institute A2l
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University of Virginia A25
University of Virginila A27
Westinghouse Advanced Energy Systems viv. A28
Yeshiva University A29
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Organization: ARGONNE NATIONAL LABORATORY

Address: 9700 South Cass Avenue
Argonne, Illinois 60439

Project Title: The Metal Hydride HYCSOS System for Solar
Heating, Cooling and Energy Conversion

Principal Investigator: D. M. Gruen
Telephone No.: (312) 739-7711, Ext. 2651

Contract Officer: Paul A. Nelson, Director
Energy Storage Programs

Telephone '‘No.: (312) 739-7711, Ext. 2577

Contract No.: ANL 189 No. 49405

Effective Date: July 1, 1975

Term of Contract: July 1975 - September 1976

Amount*: $175,000

Goal: Development, design, construction, operation and
evaluation of a two metal hydride demonstration

system for space heating and cooling and for the
conversion of thermal to electrical energy.

"Status: The two metal hydride or HYCSOS system has been

designed and construction is to be completed by
January 1, 1977.

Technical Monitor: P. Auh

Address: Brookhaven National Laboratory
Upton, New York 11973

Telephone No.: (516) 345-2052

*
ERDA funding in FY 1976 (including transition quarter).
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Organization: BROOKHAVEN NATIONAL LABORATORY
Address: Upton,: New York 11973

Project Title: Hydrogéaneéhﬁ;légQ Devélopmént
Princiééigigéestiéafof:‘,Fran£ J;»Salzaﬁo‘
Telephone No.:. (516) 345-4458

Contract Officer: Joseph Haeg

Telephone No.: (516) 345-3151

Contract No.: Form 189 No. HC-01-07
Effecfive Date: Continuing

Term of Contract: One Year

Amount*: $1 l4s5M

Other Funding: None**

Goal: To develop the technology of hydrogen production,
. storage and utilization systems such that it has a
significant impact on the national energy system.

Status: Technology development is proceeding at a proper
pace to achieve objectives defined by ERDA PAD
document and. by project systems analysis,
studies and within the project budget constraints.

economic

* ERDA Funding in FY 1976 (including transition quarter).

** Some cost sharing is being done by contractors.
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Organization: BURNS AND ROE, INC.

- Address: 185 Crossways Park Drive
' Woodbury, New York 11797

Project Title: Conceptual Design and Cost Estimates of
Metal Hydride Storage Power Plants

Principal Investigators: I. Chait and Dr. S. Fogelson

Telephone Nos.: (1) (516) 364-8800 (x357)
(2) (516) 364-8800 (x360)

Contract Officer: A. Pucillo
Telephone No.: (516) 364-8800 (x364)
Contract No.: BNL 326493-S
Effective Date: April 1, 1974

Term of Contract: To June 1977
Amount*: $44,500

Goal: To assess the technical and economic feasibility
of proposed metal hydride storage power plant
concepts. '

Status: Two design and cost estimate studies have been
completed to date. There is no work in-house at
present. : ’ :

Technical Monitor: A. Beaufrere

Address: Brookhaven National Laboratory
Building 120
Upton, New York 11973

Telephone No.: (516) 345-2094

* ERDA funding in FY 1976 (including transition quarter).




Organization: EXXON RESEARCH AND ENGINEERING COMPANY

Address: P. O. Box 8
Linden, New Jersey 07036

Project Title: Hydrogen Systems Study

Principal Investigator: Hampton G. Corneil

Telephone No.: (201) 474-3488

Contract Officer: E. J. Horan

Telephone No.: (201) 474-3965

Contract No.: BNL 368150-S

Effective Date: February 2, 1976

Term of Contract: To December 31, 1976

Amount¥*: $100,008

Goal: To conduct economic studies to predict hydrogen;
ammonia, and methanol manufacturing costs by
natural gas reforming, coal gasification, and
electrolysis processes for the 1980 - 2000 period.

Status: Draft report has been submitted to F. J. Salzano.
Data in the report will be revised to reflect

recent changes in investments.

Technical Monitor: F. J. Salzano

Address: Brookhaven National Laboratory
Building 475
Upton, New York 11973

Telephone No. : (516) 345-4458

* ERDA Funding in FY 1976 (including transition quarter).
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Organization: ' .GENERAL ATOMIC' COMPANY

Address: P. O. Box 81608
San Dlego, Callfornla 92138

Project Title: Analysis of Thermochemlcal Hydrogen
Processes (LASL)

Principal Investigator: dJohn L. Russell, Jr.
Telephone No.: (714) 455-2090

Contract Officer: William Kane

Telephone No.: (714) 455-2716

Contract No.: L46-48844-1

Effective Date: July 1, 1976

Term of Contract: To November 15, 1976

Amount: $81,500 (LASL) »
Other Funding: ERDA(l), AGA, GA -
Amounts: $50,000; $250,000(2); $150,000(2)
Goal: LASL: Perform engineering development for LASL
water-splitting cycles.
GA : Develop GA water-splitting process to where
it is a commercially feasible source of
hydrogen.

Status: LASL: Engineering flowsheets prepared for two

' cycles, metallurgy and vapor-liquid equilib-
ria investigated for H,SO,.

Second flowsheet interation complete, still
refining chemistry, conducting metallurgy
testing, ready for bench tests. :

GA

} Technical Monitor: M. Bowman

Address: University of California
Los Alamos Scientific Laboratory
P. O. Box 1663
Los Alamos, New Mexico 87544

Telephone No.: (505) 667-6014

(1) ERDA Funding for GA cycle development expected in FY 77.
(2) Funding in CY 1976.

!
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Organization: GENERAL ELECTRIC COMPANY
Direct Energy Conversion Programs

Address: 50 Fordham Road
Wilmington, Massachusetts 01887

Project Title: Solid Polymer Electrolyte Water Electrolysis
Technology Development for Bulk Hydrogen
Generation

Principal Investigator: J. H. Russell

Telephone No.: (617) 657-4698

Contract Officer: Robert Maitner

Telephone No.: (617)657-4820

Contract No.: EY-76-C-02-2675 *000.

Effective Date: June 15, 1975

Term of Contract: To October 31, 1977

Amount*: $270,000

Other Funding: Niagara Mohawk Power Corporation

Amount: $300, 000

Goal: This program is initial phase toward a 5MW demon-
stration system with goal of 85-90% overall
efficiency, < $100/KW capital cost, 40,000 hour
minimum cell life.

Status: Significant progress has been made in technology
development toward achieving cost and performance
goals. Full scale cell design effort proposed to
start during FY 1977.

Technical Monitor: S. Srinivasan
Address: Brookhaven National Laboratory

Building 815
Upton, New York 11973

Telephone No.: (516) 345-4494
* ERDA Funding in FY 1976 (including transition quarter).
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Organization: UNIVERSITY OF GEORGIA

Address: Depar tment of ChemiStry
University of Georgia
Athens, Georgia 30602

Project Title: Development of a Practical Photochemical
Energy Storage System ‘

Principal Investigators: Richard R. Hautala and Charles Kutal

Telephone Nos.: (1) (404) 542-2626 (x 18)
(404) 542-2626 (x 75)

Contract No.: E(38-1)-893

Effective Date: June 15, 1975

Term of Contract: To June 14, 1977

Amount¥*: $72,198

Other Funding: NSF Amount: $50,000 (2 years)

Goal: The objective of this research program is the
development of a practical solar energy storage
system based upon the photosensitized valence
isomerization of norbornadiene to gquadricyclene.
Key steps in the project include (1) the develop-
ment of strongly absorbing sensitizers for the
energy storage step, (2) the development of ef-
ficient catalysts for the energy release step
(reconversion of quadricyclene to norbornadiene),
(3) the immobilization of appropriate sensitizers
and catalysts onto an insoluble polymeric support,
and (4) the construction of a laboratory model
which can be recycled repeatedly to test the
stability of the sensitizer catalyst and storage
medium. We ultimately plan to construct a proto-
type device for commercial development.

Status: Progress in each of the four areas described
above has been achieved. Both organic and in-
organic sensitizers with improved absorption
characteristics have been found and several
effective catalysts containing relatively

* ERDA Punding in FY 1976 (including transition quarter).
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inexpensive transition metals have been tested.
Polymer immobilized sensitizers and catalysts
have been prepared and shown to be effective.

-Current work is aimed at. optimizing the perform-

ance of these heterogeneous materials. Construc-
tion of a laboratory prototype is underway, and
upon its completion, recycling studies of the
energy storage-energy release steps will be under-
taken to test the stability of the various

‘components in the system.

Technical Monitor: Dr. P. Russell

Address: Brookhaven National Laboratory
Building 815
Upton, New York 11973
Telephone No.: (516) 345-4518
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Organization: INSTITUTE OF GAS TECHNOLOGY

Address: 3424 South State Street
Chicago, Illinois 60616

Project Title: Seasonal Energy Storage Requirements

Principal Investigators: T. M. Goff and W. C. Chambers
‘melephone Nos.: (312) 567-3972 and
(312) 567-3744
Contract No.: E(11-1)-2906
Effective Date: July 1, 1976
Term of Contract: Three months.

Amount: $18,500

Goal: To quantify residential heating and cooling energy
sales. Assess the cost and magnitude of natural gas
and oil storage. Review electric energy storage
systems amenable to seasonal application and recom-
mend research programs for each of them.

Status: The analysis is complete and the final report is
undergoing in-house draft revision.

Technical Monitor: J. Milau

Address: Brookhaven National Laboratory
Building 835
Upton, New York 11973

Telephone No.: (516) 345-3184

A9




Organization: v INSTITUTE OF GAS TECHNOLOGY
Address: - IIT Center .
3424 South State Street
Chicago, Illinois 60616

Project Title: Study of the Behavior of Gas Distribution
Equipment in Hydrogen Service

Principal Investigators: J. B. Pangborn and W. J. Jasionowski
Telephone Nos.: (312) 567-3688 and (312) 567-3938

Contract No.: E(11-1)-2907

Effective Date: April 1, 1976

Amount*: $60,000

Goal: To identify problem areas of conventional gas
distribution equipment in hydrogen service.

Status: Three model gas distribution loops were designed,
collection of donated components is almost
completed, and assembly of the distribution
models has begun.

Technical Monitor: H. J. Saxton

Address: Division 8314
Sandia Laboratories
Livermore, California 94550

Telephone No.: (415) 455-2391

* ERDA Funding in FY 1976 (including’transitiqn quarter).
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Organization: INTERNATIONAL NICKEL COMPANY, INC. (INCO)

Address: Paul D. Merica Research Laboratory (PDMRL)
Sterling Forest
Suffern, New York 10901

Project Title: The Interrelations among Composition, Micro-
structure, and Hydriding Behavior for Alloys
Based on the Intermetallic Compound FeTi

Principal Investigator: G. D. Sandrock

Telephone No.: (914) 753-276l

Contract Officer: F. W. Schaller

Telephone No.: (914) 753-276l1

Contract No.: BNL 352410-S

Effective Date: April 14, 1975

Term of Contract: To April 15, 1977

Amount*: $72,500

Other Funding: Inco Amount: $64,500

Goal: (1) Understand the Physical Metallurgy and
Melting of FeTi.

(2) Support BNL Experimental Efforts.
(3) Survey Possible Low Cost Production Techniques.

Status: Goal (1) completed and reported in final report
dated June 30, 1976. Work on (2) and (3) contin-
uing on contract extension.

Technical Monitor: J. J. Reilly

Address: Brookhaven National Laboratory
Building 815
Upton, New York 11973

Telephone No.: (516) 345-4502

* ERDA Funding in FY 1976 (including transition gquarter).
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Organization: UNIVERSITY OF KENTUCKY

Address: College of Engineering
Lexington, Kentucky 40506

Project Title: Evaluation of Multi-Step Thermal Processes
for the Production of Hydrogen from Water

Principal Investigators: William L. Conger and
James E. Funk
Telephone Nos.: (1) (606) 258-4958
(2) (606) 257-1688 or (606) 257-2866
Contract Officer: Jack Supplee, Dale Chapman
Telephone No.: (606) 258-4666

Contract No.: F-(40-1)-5129

Effective Date: May 1, 1976

Term of Contract: To February 1977

Amount*: $25,000 | |

Goal: The goal of this research is to develop a proce-
dure for evaluating the thermodynamic efficiency

of proposed thermochemical cycles for the produc-
tion of hydrogen from water.

Status: We are in the last stage of writing the computer
program HYDRGN. ' This program calculates a first
estimate of the thermodynamic efficiency of hydro-
gen production cycles. Work on the final report
is about to start.

* ERDA Funding in FY 1976 (including transition guarter).
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| Organization: UNIVERSITY OF CALIFORNIA

Address: : Lawrence Livermore Laboratory
P. 0. Box 808
| . Livermore, California 94550

Project Title: Engineering Development of the ZnSe Thermo-
chemical Hydrogen Cycle
Principal Investigator: Oscar H. Krikorian

Telephone No.: (415) 447-1100 (x 7021)

Contract Officer: W. B. Harford
Telephone No.: (415) 447-1100 (x 7861)

Contract No.: W-7405-Eng-48

Amount*: $70, 000

Other Funding: ERDA-DPR Amount: $125, 000

Goal: 1. cConduct an economic analysis of the ZnSe cycle.

2. Advance the engineering development of the ZnSe
cycle for a potential bench-scale demonstration.

Status: Preliminary economic analysis has been completed

and engineering development studies are being
initiated. ,

* ERDA Funding in FY 1976 (including transition quarter).
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Organization: LOCKHEED-CALIFORNIA COMPANY

Address: P; O. Box 551
Burbank, California 91520

Project Title: Study of Wind Energy Conversion and Storage

Principal Investigator: Michael Dubey
Telephone No.: (213) 847-6885 or (213) 782-7209

Contract Officer: James Glenn

Telephone No.: (213) 847-3456

Contract No.: NSF-C75 22186
Effective Date: June 30, 1976
Term of Contract: To April 1976
Amount:: $164,634

Goal: Investigate the technical and economic feasibility
of a concept for producing hydrogen by electrol-
ysis using wind power as the energy source, and
then combining the hydrogen with air and water to
manufacture ammonium nitrate fertilizer, The study
will identify technical obstacles requiring solu-
tion and will define a program for a proof-of con-
cept experiment.

Status: A baseline system is being designed as a basis for
parametric per formance and production cost
analyses.
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Organization: . 1,0S ALAMOS SCIENTIFIC LABORATORY i

Address: P. O. Box 1663 ) o o

Los Alamos, NM 87545,, e

Project Title: Thermochemical Processes for Hydrogen . . .
Production , A

Principal Investigators: Melvin G. Bowman and John D, Farr

‘melephone Nos.: (1) (505) 667-6014
(2) (505) 667-6074

Goal: To identify and develop practical thermochemical .
cycles for hydrogen production. N

Procedure: o R IR

I. Experimentally determine reaction yields, = 7
reaction rates and thermochemistry of indiv-
idual reactions in potential cycles.

II. Prepare process flow sheets for preliminary
design, cost analyses and comparative cycle.
evaluations. ~ ~ T

III. Further develop and evaluate selected pro-

‘ cesses by bench-scale, closed-loop experi-
ments to provide data for more realistic
evaluation and cost analyses. = =

Status: Scientific feasibility has been demonstrated for
several cycles by means of Step I. Three cycles
are in progress through Step II in an iterative
program of process definition and evaluation
followed by re-design and re-evaluation. No
process has been selected for Step III.

New and potentially promising cycles are in pro-
gress through Step I.
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Organization: MIDDLE TENNESSEE STATE UNIVERSITY

Address:

Murfreesboro, Tennessee 37132

Project Title: Hydrogen Fuel Production: Investigation of

Electrocatalysts for Water Electrolysis

Principal Investigator: Melvin H. Miles

Telephone No.: (615) 898-2954 or (615) 896-4877

Contract Officer: J. Tunstill
Telephone No.: (615) 898-2940

Contract No.: BNL 347505-8

Effective Date: March 15, 1976

Term of Contract: To May 31, 1977

Amount¥*:

Goal:

Status:

$5,000

Amendment No. 3 shifts the goals to investigations
of electrocatalysts for fuel cells. 1In particular,
the oxygen reduction reaction is to be investigated
on various metals, alloys, and metallic oxides in
several electrolyte solutions.

Anion effects on oxygen reduction have been in-

vestigated in acid and alkaline solutions. Kinetic
studies of the oxygen reduction reaction on several
metals in-aqueous carbonate systems have been made.

Technical Monitor: F. J. Salzano

Address: Brookhaven National Laboratory
Building 475
Upton, New York 11973
Telephone No.: (516) 345-44s58

* ERDA Funding in FY 1976 (including transition quarter).
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Organization: PUBLIC SERVICE ELECTRIC AND GAS COMPANY

Address: 80 Park Place
Newark, New Jersey 07101

Project Title: Blending of Hydrogen in Natural Gas
Distribution Lines
Principal Investigator: Carlos R. Guerra

Telephone No.: (201) 622-7000 (x 2841)

Contract Officer: Robert Butz
Telephone No.: (201) 622-7000 (x3508)

Contract No.: E(11-1)-2925

Effective Date: June 1, 1976

Term of Contract: To August 1977

Amount*: $100,000

Other Funding: PSE&G Amount: $10,000

Goal: Determine the maximum amounts of hydrogen which can

be blended with natural gas without effect on dis-
tribution system and utilization equipment.

Status: Combustion tests are near completion. Leakage,
effect on materials and network analysis to be
started.

Technical Monitor: C. Braun

Address: Brookhaven National Laboratory
" Building 475
Upton, New York 11973

Telephone No.: (516) 345-2070

* ERDA Funding in FY 1976 (including transition quarter).
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Organization: SANDIA LABORATORIES

Address: Materials Characterization Division 8314
Sandia Laboratories
Livermore, California 94550

Project Title: Hydrogen Compatibility of Structural Mater-
ials for Energy Storage and Transmission
Applications

Principal Investigator: Harry J. Saxton

Telephone No.: (415) 455-2391

Effective Date: January, 1975
Amount*: $235,000

Goal: Gather hydrogen performance data for existing
materials and develop new low cost materials,
assembly procedures and protection schemes for
hydrogen containment and transmission systems.

Status: Two low cost steels appear suitable for contain-
ment of FeTiH reactions. Various coatings and
alloy modificgtions are being evaluated; an
experimental hydrogen pipeline facility is nearing
completion.

Technical Monitor: Howard Nelson

Address: NASA ~ Ames Research Center
Mail Stop 240-1 ,
Sunnyvale, California 94035

Telephone No. (415) 965-6137

* ERDA Funding in FY 1976 (including transition quarter).
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| Organization: INTERNATIONAL HARVESTER, SOLAR DIVISION

Address: : 2200 Pacific Highway
San Diego, California 92138

Project Title: Automotive Hydrogen Storage with Magnesium
Hydride

Principal Investigators: David A. Rohy and
Joseph Nachman

Telephone Nos.: (714) 238-5604 and (714) 238-6781

Contract No.: E(04-3)-1167
Effective Date: February 23, 1976
Amount*: $60,000

Goal: Develop a magnesium based alloy to store hydrogen
that meets the operating constraints of a conven-
tional automobile. Specifically the hydride must
dissociate at or below 200°C.

Status: Numerous alloys have been developed and tested.
The dissociation temperature has been reduced
~300°C to 232°C. Hydrogen capacity and dissoc-
kinetics are being investigated now.

Technical Monitor: C. Waide

Address: Brookhaven National Laboratofy
Building 120
Upton, New York 11973

Telephone No. : (516) 345-2404

* ERDA Funding in FY 1976 (including transition quarter).
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Orgahizétion: ) STEVENS INSTITUTE‘OF TECHNOLOGY_
Address: - Department of Chemistry and

, Chemical Engineering

Hoboken, New Jersey 07030

Project Titlé:' Solar-Chemical Enefgy Convefsion and Storage
Principal Investigators: A. B. Ritter and G. B. Delancey
Telephone Nos.: (201) 792-2700
Contract Officer: 1I. R. Ehrlich, Dean of Research
Telephone No.: (201) 792-2700
Contract No.: E(11-1)-4031
Effective Date: June 1, 1976
Term of Contract: To May 31, 1977
Amount¥: $31,616

Goals: a. Cyclohexane Dehydrogenation Kihetics

Experimentally obtain apparent kinetics of
dehydrogenation of cyclohexane to benzene and
hydrogen at 1 atm. and 400-600°0F over industrial
naphtha reforming catalyst using an internally
recirculated batch reactor.

'b. Collector-Reactor Simulation

Develop a model to realistically describe trans-
ient behavior of a gas bPhase catalytic reactor
dedicated to the collection of thermal energy.
Measured solar isolation data and parameters

that describe the collection system will be in-
puts to the model as well as kinetic data. The
model will be applied to the cyclohexane dehydro-
genation system for the purposes of evaluating
startup, shutdown and control algorithms as well
as for the later stages of pilot plant design and
possibly for evaluation of of other chemical stor-
age systems.

A20




A.B. Ritter, G.B. DeLancey

Status: a. gas chromatograph has been calibrated for
the benzene-cyclohexane system and one run has
been made over the catalyst at 600°F.

b. a transient model for the reactor has been
formulated and is being programmed for computer
simulation of the collector-reactor system.
Technical Monitor: Mr. Matthew J. Rosso
Address: Brookhaven National Laboratory
~ Dept. of Applied Science, Bldg. 835
Upton, L.I., N.Y. 11973

Phone No. (516) 345-4506

# ERDA Funding in FY 1976 (including transition quarter).
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Organization: TELEDYNE CONTINENTAL MOTORS CORPORATION

Address: 76 North Getty Street
Muskegon, Michigan 49441

Project Title: A Program for a Hydrogen Fueled Industrial
Vehicle

Principal Investigators: T. Pearsall, J. Mehne and
‘ A. Karaba

Telephone No.: (616) 724-2885
Contract Officer: T. Schwallie
Contract No.: BNL 387491-S
Amount: $49, 684
Goal: To define a potential near term application for
hydrogen fueled engines employing metal hydride
storage systems.
Technical Monitor: C. Waide
Address: Brookhaven National Laboratory
Building 120
Upton, New York 11973

Telephone No. : (516) 345-2404
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Organization: TELEDYNE ENERGY SYSTEMS

Address: 110 West Timonium Road
Timonium, Maryland 21093 -

Project Title: Advanced Alkaline Electrolysis Cell Matrix
Development

Principal Investigator: John N. Murray

Telephone No.: (301) 252-8220

Contract Officer: W. W. Wachtl

Telephone No.: (301) 252-8220

Contract No.: BNL 380750-S

Effective Date: April 22, 1976

Amount*: $41,223

Goal: Identify and test candidate alkaline electrolysis

: cell separator materials capable of operating at

temperatures up to 350°F resulting in improved
process efficiencies.

Status: Environmental testing of two candidate materials
is about to begin. Conditions will include ele-
vated temperature, caustic solutions, and exposure

to both hydrogen and oxygen.

Technical Monitor: §S. Srinivasan

Address: Brookhaven National Laboratory
Building 815
Upton, New York 11973

Telephone No.: (516) 345-4494

* ERDA Funding in FY 1976 (including transition quarter).
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Organization: VIRGINIA POLYTECHNIC INSTITUTE AND STATE
UNIVERSITY

Address: Blacksburg, Virginia 24061

Project Title: The Role of Stress in Controlling
Susceptibility to Hydrogen Embrittlement

Principal Investigators: M. R. Louthan, Jr. and
R. P. McNitt

Telephone Nos.: (1) (703) 951-6825
(2) (703) 951-6746

Contract No.: E;(40-l)—5255

Effective Date: September 1, 1976

Term of Contract: One Year

Amount*: $29, 920

Other Funding: VPI&SU Amount: $8, 950

Goal: To examine the role of stress state on the hydro-
gen embrittlement of two different engineering
materials. Materials could be candidate materials

for many applications in the hydrogen economy.

Status: Work is underway and is on schedule.

*ERDA Funding in FY 1976 (including transition quarter).
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Organization:  UNIVERSITY OF VIRGINIA

Address: Department of Materials Science
Thornton Hall
Charlottesville, VA 22901

Project Title: Preparation and Characterization of New
Alloy Phases for Hydrogen Storage

Principal Investigators: G. Stoner, J. Johnson, and
C. Adkins

Telephone Nos.: (1) (804) 924-3462
(804) 924-3264

Contract Officer: Mr. Louis Redden

Telephone No.: (804) 924-7062
Contract No.: E- (40-1)4952
Effective Date: June 1, 1976

Term of Contract: Two years

Amount: $55,497

Goal: Development of new alloy phases for storage of
hydrogen with improved H/weight and H/volume
ratios.

Status: A model of the hydrogenation mechanism has been
- developed based on the Engel-Brewer concepts which
works well applied to FeTi and will be improved
with further correlations based on specific hy-
dride characteristics of A3B, AB, and ABj alloys
of the first three periods of the elements.

Preparation of the phase type Tij,Fe with hydride
stochiometry TisFeH4q has been prepared and proved
unstable due to dissociation of the hydride into
equilibrium phases of TiHj and TiFeH,. Stabili-
zation of this phase type by adjustment of a d
band contribution is being pursued.

Student supported by the contract has been ap-
pointed and is involved in literature study to
determine most probable next structure to inves-
tigate to improve the existing model of the
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hydrogenation reaction,

Construction of hydrogenation hardware and alloy
preparation hardware is nearing completion and
will be ready to start specific investigation
within the next month. '

Technical Monitor: J. R. Johnson

Address: Department of Applied Science
Building 815
Brookhaven National Laboratory
Upton, New York 11973

Telephone No. : (516) 345-4502
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Organization: UNIVERSITY OF VIRGINIA

Address: Department of Materials Science
: Thornton Hall
Charlottesville, VA 22901

Project Title: Water Electrolysis: Studies of Separator
Materials

| Principal Investigator: Dr. Glenn E. Stoner

Telephone No.: (804) 924-3264

Contract Officer: Mr. Louis R. Redden
Telephone No.: (804) 924-7062

Contract No.: BNL 382793-S
Effective Date: March 1, 1976

Térm of Contract: March 1, 1976 to‘September 30, 1976
Renewal pending

Amount: $7,000

Goal: The goal of this research is to understand the
mechanisms of failure of asbestos separator
material and to successfully stabilize the sep-
arator at elevated temperatures.

Status: A treatment has been developed which reduces an
observed failure mechanism and optimization
efforts are currently taking place. Commercial
evaluation is also underway.

Technical Monitor: Dr. S. Srinivasan

Address: : Department of Applied Science
@ : Building 815 :
} Brookhaven National Laboratory
Upton, New York 11973

’ - Telephone No.: (516) 345-4494

| A27




Organization: WESTINGHOUSE ADVANCED ENERGY SYSTEMS DIVISION

Address: - P. O. Box 10864
Pittsburgh, Pennsylvania 15236

Project Title: Sulfur Cycle Water Decomposition System

Principal Investigators: G. H. Farbman and V. Koump

Telephone Nos.: (1) (412) 892-5600 and (2) (412) 256-7636

Contract Officer: E. A. Murphy
Telephone No.: (412) 892-5600 (x 6738)

Contract No.: E(49-18)2262
Effective Date: May 17, 1976
Term of Contract: To May 1977
Amount: $384, 000

Goal: The objective of this program is to assess the tech-
nical and economic feasibility of a hydrogen genera-
tion process based upon the electrolysis of sulfurous
acid. To do this, a multi-task program is being
carried out to experimentally determine the operating
characteristics of key process steps in the hydrogen
generating cycle and to perform engineering and
economic analyses to evaluate the system.

Status: Electrolysis work, using an atmospheric pressure low
temperature cell, has looked at both flooded and
flow through electrodes and has shown substantial
progress towards achievement of the 450 mV overall
cell voltage selected as the target for the concep-
tual plant design. Catalysts for SO, reduction have
been identified with activities that result in the
reduction reactor being heat transfer limited, rather
than chemical reaction rate limited. The experimen-
tal effort on material evaluation for high pressure,
high temperature sulfuric acid vaporization is under-
way. Flow sheet optimization is now indicating
overall efficiency higher than the 45.2% reported
in earlier work (NASA-CR-134976).
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;:Organization: @ YESHIVA UNIVERSITY. ' : .

Address: Belfer Graduate School of Science
‘2495 Amsterdam Avenue
New York, New York 10033

Project Title: Optical Studies of Titanium Based Reversible

- Electrodes: . : o

Principal Investigators: Fred H. Pollak and Paul M. Raccah

Telephone Nos.: (212) 568-8400 (x 203) and
(212) 568-8400 (x 441)
Contract Officer: J. Raskin

Telephone No.: (212) 568-8400 (x 2309)

Contract No.: BNL 379095-S

Effective Date: March 1, 1976

Term of Contract: To September 30, 1976
Amount*: $8,000

‘Goal: Investigation of the optical properties of

titanium based reversible electrodes (TiO.,
SrTi03) for a better understanding of sur%ace
interactions.

Status: Initial progress has been made in determining
properties of space charge layer.

Technical Monitor: S. Srinivasan

Address: Brookhaven National Laboratory
' Building 815
Upton, New York 11973

Telephone No.: (516) 345-4494

* ERDA Fuﬁding in FY 1976 (including transition quarter).

A29

* U.S. GOVERNMENT PRINTING COFFICE :

1977 0-240-979/5




