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FOREWORD

A Contractor Review meeting is scheduled annually by the DOE
Division of Energy Storage Systems (STOR) to provide an opportun-
ity for all participants in the Chemcial and Hydrogen Energy Storage
Systems Program to become familiar with the scope of the program
and to appraise the progress of the technical effort. The FY 1977
Contractor Review meeting was called by Dr. James H. Swisher, Assist-
ant Director for Physical Storage Systems, and was held at Hunt
Valley, Maryland, on November 16-17, 1977.

All government and contractor personnel who were involved in
the STOR-sponsored effort were requested to submit presentations
which would (1) give all participants an insight into the back-
ground and the objectives of the hydrogen-related task, (2) show
the status of the study or technical effort, (3) relate any prob-
lems which had impeded progress, and (4) state projected solutions
for eliminating or working around the identified problems. The
meeting was structured to allow ample time for all participants to
directly discuss their specific program interests with the other
people who were performing similar or related tasks. On November
18, 1977, a program review panel met with STOR staff to provide
observations on the hydrogen program content and objectives; and
on future program direction.

The Contractor Review meeting was planned and organized by
personnel from the Jet Propulsion Laboratory in accordance with
one task of a project management role for that portion of the DOE
Hydrogen Energy Storage Program which the National Aeronautics
and Space Administration has assumed responsibility under an
Interagency greement (EC-77-A-31-1035). As the chairman for
this meeting, I especially thank the persons who made the presen-
tations and contributed to the success of this review. I wish
to express my appreciation to Dr. Beverly J. Berger, Program
Manager, and to Jr. James H. Swisher, Mr. John Gahimer, Mr. Frank
J. Salzano, and Mr. Gerald Strickland for their guidance and
assistance in the formulation of plans for this meeting.

James H. Kelley, Manager
Hydrogen Systems and Technology
Project
Jet Propulsion Laboratory
Pasadena, CA
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ABSTRACT

The Chemical/ Hydrogen Energy Systems Contractor Review
was held at the Hunt Valley Inn, Hunt Valley, Maryland,
on November 16-17, 1977. This Review meeting, scheduled
annually by the DOE Division of Energy Storage Systems
(STOR), was coordinated for DOE by the Jet Propulsion
Laboratory in accordance with a task defined in the inter-
agency agreement (EC-77-A-31-1035) between DOE and the
NASA Office of Energy Programs. The meeting served as
an effective means to (1) give all participants an insight
into the background and objectives of thirty-nine hydrogen-
related tasks, (2) show the status of the studies or tech-
nical effort, (3) relate any problems that had impeded
the progress, and (4) state projected solutions for re-
solving the :identified problems. Approximately 100
representatives from government and the private sector
participated in the Contractor Review.
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ELECTROLYSIS-BASED HYDROGEN STORAGE SYSTEMS
OVERVIEW AND RATIONALE OF THE

BROOKHAVEN NATIONAL LABORATORY MANAGED PROGRAM

F.J. Salzano
Brookhaven National Laboratory

Upton, New York

The rationale for determining program direc-
tion, emphasis, and allocation of resources is
presented in this brief summary. The rationale has
been developed through interaction with the "Hydro-
gen" R&D Community and in light of information
available on competing energy systems and on-going
systems studies. It is reviewed periodically based
on technical progress in the program and DOE policy
guidance, and is the basis of our recommendations
for changes in program direction.

A number of key problems must be solved before
hydrogen can serve as a common energy carrier dcr-
rivable from coal or nonfossil resources such as
nuclear and solar energy. These problems generally
involve the technologies of production, storage,
transmission, distribution, and application in a
variety of end-use devices. A number of systems
studies pertaining to hydrogen technology have
identified promising applications and the key re-
search and development needs. These studies have
indicated the need for a program focused on the
electrolytic production of hydrogen, and safe,
efficient storage of hydrogen for stationary and
transportation applications. Since Brookhaven
National Laboratory has exhibited significant
experience in these areas, it has been chosen to
develop and manage the program for DOE's Division
of Energy Storage Systems. It is recognized that
a program focused on these needs must involve ties
with industry in order to achieve commercialization
of those applications judged to be economically
viable.

At the present time, hydrogen is generally not
competitive with current fuel sources such as
petroleum and natural gas. In time, it is expected
that coal will be the major source of hydrogen for
large-scale industrial applications and use of
hydrogen as a chemical commodity. In general, it
is believed that very large-scale uses of hydrogen
as an energy carrier will exist in the long term,
but enough potential applications exist in the near
term involving the use of hydrogen as a chemical
commodity to warrant a vigorous program at this
time. These smaller industrial applications of
hydrogen, e.g., as a natural gas substit-,,e, etc.,
can be served by electrolytic hydrogen b_,terated
in relatively small plants at dispersed sites sup-
plied by electric energy.

At the present time, electrolytic production
plants exist in sizes ranging from 100 megawatts
down to the kilowatt range. The larger plant sizes
in the megawatt range are available from European
manufacturers. A primary purpose of the existing
program is to stimulate the development of an
electrolytic equipment industry in the United
States. A key objective is to achieve costs below
$150 per kW(t) and efficiencies in the range of
90%. Current costs are three times this value and
efficiencies are typically in the range of 60% to
70%.

Work in the areas of electrolytic hydrogen
production and storage ii dedicated to the produc-
tion of advanced technology prototype hardware,
proof testing of components and related systems,
end associated engineering systems studies. In the
area of water electrolysis, both the alkaline tech-
nology currently available and the advanced solid
polymer electrolytic (SPE) systems are being pur-
sued with the emphasis on the latter SPE systems.

In conjunction w'th the work on hydrogen pro-
duction, compatible large-scale storage systems are
being developed involving metal hydrides to estab-
lish reference designs, reliable comparative cost
data, and to address full-scale engineering prob-
lems.

Hydrogen has a variety of other potential
applications aside from the industrial uses as a
chemical commodity. These applications include the
generation of electric energy in fuel cells, stor-
age of electrical energy, and use as a transporta-
tion fuel.

The internal combustion engine can be con-
verted to use hydrogen; however, the automotive
fuel cell is potentially a more efficient (hydrogen
fueled) device for vehicle propulsion. Irrespec-
tive of the propulsion source in vehicle applica-
tions, the key problem in utilization as a
transportation fuel is the storage of hydrogen.
The current program is focused on chemical storage
methods. This primarily involves the use of metal
hydride materials, but work is in progress to
identify other hydrogen occluder materials. At
the present stage of development the major program
emphasis is on demonstration of hydrogen storage
in FeTi alloys in small engineering scale prototype
systems. Work is being sponsored to develop higher
capacity hydrogen storage :aaterials using lighter
weight alloys more suitable for automotive.applica-
tions.

In considering a number of hydrogen sources
such as seasonally available electric generating
capacity, there is value in methods for storage of
large bulk quantities of hydrogen for seasonal
periods. At the present time, helium, natural gas,
and,in some places, producer gas (H 2 - CO) are
stored underground. The potential For large-scale
engineered storage is yet unexplored, e.g., deep
undersea storage at high pressures. The present
program i also aimed at development of such large-
scale bulk storage methods for hydrogen produced
seasonally.

An important related effort is work on the
development of an electric energy system based on
the storage of hydrogen in a metal hydride. This
system involves the electrolysis of hydrochloric
acid (HC1) to produce hydrogen and chlorine which
are stored and subsequently recombined in the
electrolysis cell to produce electric energy. The
electrolysis technology for this scheme is closely
related to the SPE technology required for elec-
trolytic hydrogen production. SPE water electrol-
ysis and HC1 cell development are parallel efforts
involving similar hardware systems.

Because ci the need to involve the commercial
sector, a very large fraction of the DOE funding
is directed at industrial contracts and a smaller
fraction at related university research efforts.
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The management of these contracts within Brookhaven
is done by full time representatives from the
Conservation Program Management Croup (CPMC) who
are also concerned with overall program planning
and continuous liaison with DOE Headquarters.

A Program/Budget Chart is presented in Figure
1 showing the program aggregation by technical
area, funding level and "ephasis, and individual
contracts or projects.
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NASA's SUPPORT OF DOE's HYDROGEN ENERGY STORAGE PROGRAM

J. H. Kelley

Jet Propulsion Laboratory
California Institute of Technology

Pasadena, California

ABSTRACT

Early in 1977, ERDA and NASA established Interagency Agreement EC-77-A-31-1035 through which
NASA is providing assistance to ERDA in their Hydrogen Energy Storage Program. The total 	 ioort-
ing effort has been brought together as a NASA project. It is composed of a number of ele 	 .s
which will be conducted at several NASA centers. The project is being coordinated and managed
at the Jet Propulsion Laboratory with the Ames Research Center and the Lewis Research Center
participating in the conduct and management of several elements.

In FY77, the project is largely concerned with monitoring ongoing ERDA contracts and
planning for FY78 technical work. A number of specific technical tasks are planned for FY78.
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INTRODUCTION

The Energy Research and Development Adminis-
tration (ERDA), now Department of Energy (DOE),
Division of Energy Storage Systems (STOR), in
implementing a Hydrogen Energy Storage Program in
1977, requested NASA to assume project management
responsibility for a portion of the program. The
project encompasses thermochemical and other
advanced hydrogen production techniques and contain-
ment and transport technologies. NASA brings to the
project resources of existing experience and demon-
strated capabilities in hydrogen technology.

BACKGROUND

The Hydrogen Energy Systems Technology (NEST)
study, conducted in 1975 by NASA,was undertaken to
augment an understanding of the hydrogen energy
field and ensure that all potentially fruitful
opportunities for energy systems via hydrogen
technology were examined. Considerable scattered
work in hydrogen technology and hydrogen systems
had previously been undertaken by various insti-
tutions, and some consideration had been given to
hydrogen in other broad studies. The HEST study
was specifically an effort to identify national
needs for research and technology in hydrogen
production, handling and use.

In 1976, with the concurrence of ERDA/STOR,
NASA undertook the development of a plan for
conducting hydrogen energy storage R, D b D. In
developing this plan, NASA reviewed recent studies
and assessmentr, to identify viable hydrogen energy
storage system applications and to define the
technology advancements needed to implement viable
hydrogen energy storage options. The findings of
that assessment continue to provide the basi:i for
the development of the second-year plan presented
in this document.

Assignments within the project are made with
the intention of maximizing the potential benefits
from previous experience. Applicable NASA exper-
ience covers a broad spectrum which includes
systems analysis and studies, organic chemistry,
hydrogen fuel technology, and the storage and handl-
ing of a variety of liquids and gases. Recent NASA
experience, which required interfacing with several
private sectors of the economy, is also of value.
The personnel from the participating centers come
from professional staffs having familiarity with
applicable areas of hydrogen technology.

The Hydrogen Energy Storage Technology Project
is a set of work elements from the DOE Hydrogen
Energy Storage Program which will be conducted by
NASA in FY78. Early in 1977, ERDA and NASA
established an Interagency Agreement through which
NASA would provide assistance to DOE by applying
appropriate technical and management talents during
FY77 to precursor tasks of these elements.

PROJECT ORGANIZATION

During FY78 the responsibility for implement-
ing the elements under NASA cognizance is
assigned to the Jet Propulsion Laboratory (JPL)
with support from the Ames Research Center (ARC),
These organizations have the required concentra-
tions of technical expertise for implementing the
NASA assignments which include hydrogen combustion

and handling, materials compatibility, and thermo-
chemistry. JPL has provided a project manager
for the activities assigned to NASA. Figure 1
presents the organization of the project for FY78
and beyond. The following assignments under the
NASA project nave been made.

• Ames Research Center. The Containment
Materials Element is the responsibility of
the ARC Materials and Physical Sciences
Branch.

Jet Propulsion Laboratory. JPL will manage
the System Studies and Assessments Element,
the Advanced Concepts Element, the Thermo-
chemical Cycles Element, and the Trans-
mission, Distribution, and Storage Container
Element. (During FY77 the NASA Lewis
Research Center managed the Thermochemical
Cycles activities.)

ELEMENTS

PROJECT MANAGEMENT AND SUPPORT ELEMENT

The Project Management and Support Element pro-
vides the direction and principal cohesive force for
the NASA project. This element brings together
interfacing NASA organizations and provides a cen-
tral focus for the DOE program manager. The
responsibility for overal' )roject review, analysis
and planning resides within the project manager
under this element. Project--level progress report-
ing is also accomplished within this element.

SYSTEM STUDIES AND ASSESSMENTS ELEMENT

System studies and assessments are analytical
activities specifically focused on key issues
regarding candidate hydrogen energy storage systems.
The results from these activities will contribute
to a coherent basis for programmatic decisions
by identifying promising applications, expected
time-frames for implementation and required tech-
nology thrusts. Comparisons among hydrogen system
options as well as comparisons with non-hydrogen
alternatives must be conducted in order to identify
developmental areas where solutions to technical
problems would make particular hydrogen systems
more practicable.

Assessment of Solar/Hydrogen Systems Task

This task will identify, characterize, and
analyze the potential role of h-, •drogen energy
storage systems in facil°_.tating the implementation
of solar energy systems. Hydrogen energy storage
systems add a new o'Kimension to solar energy imple-
mentation by introducing the possibility of gaseous
pipeline transmission coupled with gaseous storage,
as well as the possibility of direct conversion of
solar thermal energy to hydrogen. This ongoing
study will focus on achieving an understanding of
the role that solar/hydrogen systems can play in
the context of scenarios for development and
implementation of solar energy systems. Particular
emphasis will be given to the analysis of unique
operational modes for energy transmission and
storage that are peculiar to hydrogen systems.
Based on these potentially attractive operational
modes, descriptions of the solar/hydrogen systems
will be formulated. These systems will then be
the subject of preliminary design and costing
activities so that systems analyses, which



encompass practical aspects of implementation, can
be performed. An integral part of the scenarios/
systems analyses will be comparisons with non-
hydrogen alternatives. One of the studies is:

Chemical Markets/Supply Options for Hydrogen Task

This task will determine steps which can, and
should, be taken (particularly by the government)
to enable and encourage chemical industries to
shift by ,' , ;en feedstocks from natural gas and
naphtha to other sources. The steps m.,y include
technology enhancement in the areas of hydrogen
production, delivery or storage, additional analyp,
or assessments, and recotm:,endations for modific-
Lions to regulatory policies.

Current hydrogen usage in the United States i
dominated by applications within the chemical
and petroleum industries. During the next 25 years,
the projected annual growth (between 6 and 12
percent) in hydrogen usage will cause the prices of
the traditional captive-hydrogen feedstocks, natural
gas and naphtha, to increase. This increase will
tend to expedite the market penetration of merchant
hydrogen produced froc other feedstocks and by
techniques less affected by increasing scarcity and
rising cost. In the near future, new government
energy policies could accelerate this trend toward
non-traditional sources; however, the market for
merchant hydrogen may be adversely affected by
several basic issues, such as technology, economics,
water availability, environmental impact, and
regulatory policies. This task will interface
closely with a University of Houston workshop and
use the workshop as a data source. It will concen-
trate on usage by the chemical and petrochemical
industries but will consider other captive users of
hydrogen as appropriate. Alternative hydrogen
production from coal gasification, electrolysis,
and heavy oil will be considered. For each indus-
try, the needed mixtures of gases with hydrogen
and the value of hydrogen purity will be determined.
The prospects of byproduct utilization will be
ascertained.

ADVANCED PRODUCTION, CONVERSION, AND STORAGE
CONCEPTS ELEMENT

The Advanced Production, Conversion, and
Storage Concepts Element will support innovative and
unusual technological findings that may lead to
new approaches in hydrogen energy storage systems.
Advanced technical concepts such as photolytic and
biological hydrogen-production processes and the
storage of hydrogen in organic compounds will be
investigated and evaluated for promise of signifi-
cant technological advancement. The results from
this applied research will identify new methods of
hydrogen production, conversion, and storage that
may have advantages over present technologies in
the areas of high gain, new opportunities, or the
ability to take advantage of under-utilized energy
sources.

Specific tasks, which bring the requirements
and technology of the advanced concepts element
into sharper focus and identify new technological
--------- 4.4 °° ^^d/or problem areas, will be selected

Hydrogen Production by Photoelectrolytic Solar
Energy Conversion Task

This task will investigate and determine the
practicability of a semiconductor-electrolytic
device that uses solar energy to decompose water
into hydrogen and oxygen in a single-step process.
The conceptual basis for this semiconductor photo-
e,lectrolyzer is that an interface between a semi-
, onductor and an electrolyte behaves like a Schottky
barrier; thus, irradiation of the semiconductor
surface results in the production of pairs of
electrons and holes which are separated in the
field of the space-charge laver. Carriers of
appropriate sign, when supplied to the electrode
surface, can effect oxidation or reduction of
electrolyte species. For example, 0 ? is evolved
from an illuminated n•-type T102 electrode at or
below the H2 evolution potential. When n-type
T102 is coupled with a metal electrode, 0 2 and H2
will be spontaneously generated by irradiation.

Photocatalytic Decomposition of Water Task

This task will prepare organic rhodium com-
plexes and determine the feasibility of the use of
these complexes for the photodecomposition of
water. These complexes are often metal-cluster
complexes coordinated to 1.1gands with low-lying
electronic orbitals. Some materials involving the
nitrilo group with rhodium complexes have been
reported in the literature. They produce hydrogen
gas on excitation at 500 nm wavelength. These
materials also will cause the decomposition of
hydrogen bromide and hydrogen iodide. A number of
rhodium complexes will be evaluated for capability
during water photodecomposition through the pro-
posed novel route.

Application of Solution Theory to Hydrogen Energy
Storage Task

This task will investigate physical and
chemical interactions of hydrogen with metals and
determine the applicability of the solution theory
of Hildebrand and Scott to the selection of
materials for hydrogen production, containment, and
storage devices. The results of this investigation
could provide a method for quantitatively determin-
ing the optimum composition for alloys used as:

a) Electrocatalysts for electrolysis of
water and other compounds

b) Shift catalysts for hydrogen reactions

c) Hydrogen containment materials (low
solubility)

d) Hydrogen storage materials (hydrides)

Organic Storage of Hydrogen Task

This task will investigate reversible organic
chemical reactions to determine practicability as
a workable system for hydrogen storage. The bulk
of the research in hydrogen storage has been in
the inorganic or metallic systems. Practical metal
hydrides will absorb about 2 to 4 percent hydrogen
by weight. The benzenecyclohexane system can store



about 6.6 percent by weight of hydrogen. One of

the pi)blem areas with this system is that the vapor

pressure of the material is high (about 1.00 mm at

250C). This task will investigate more suitable

organic reactions and/or compounds that can be used

for hydrogen storage. The following are the ground
rules.

a) The hydrogenation-dehydrogenation reactions

should have low energy requirements.
Temperatures need to be under 2500C.

b) System pressures should be less than
600 psig.

c) Required catalytic agents must withstand

a large number of cycles.

d) The materials should not: degrade under
normal usage conditions.

e) Organic-metallic compounds can be con-

sidered in this task area.

THERMOCHEMICAL CYCLES ELEMENT

A pure thermochemical cycle for hydrogen

production is a system of linked, regenerative,
chemical reactions which accept only water and

heat and produce hydrogen. Hybrids of these cycles

may also include electrolytic or photochemical.

reactions. These cycles can be thought of as
either a source of hydrogen (for industrial use)

or as a means of storing energy (by utilities,• for
example). Both high-temperature nuclear reactors

and solar concentrators are potential sources for
the high-temperature process heat required by such

cycles.

The overall element objective is to find and

develop cycles which use heat to thermochemically

decompose water for hydrogen production. Element
objectives and activities are grouped according to
the task categories of the thermochemical cycles

element. The element approach will be to investigate
the key reactions and any problem areas of specific

cycles. When all the reactions of a cycle have been
demonstrated individually in the laboratory (at

least on a batch-scale basis) and an engineering
flowsheet for the overall process has been prepared,

a preliminary assessment of cycle performance will

be obtained from an objective group. Using this
information, two cycles will be selected for

assembly into closed bench-scale demonstrations by
FY80. Bench-scale demonstration is defined as the

continuous operation of a complete thermochemical

cycle in a closed, integrated mode for several
hundred hours. The scale for such a demonstration
is somewhat greater than laboratory scale but much

less than pilot-plant scale. In parallel with
this effort, a supporting research and technology

program emphasizing generic technologies will be

conducted.

Specific Cycle Development

The objective of this task is to provide some
of the laboratory data necessary for the subsequentsubsequent
evaluation of existing cycles prior to the selection
of the three cycles for concentrated effort. Opera-

tion of a single step of a thermochemical cycle
in a bench-scale, continuous mode provides valuable

data (contaminant build-up, work of separation,
pumping work, heat transfer, etc.) which cannot

he obtained from batch-reaction studies. These data
will make it possible to develop more realistic

engineering flowsheets which are required for each

--vcle before: the (;cle can he reviewed b y the

Evaluation Panel which is coordinated by the
University of Rentuckv.

a) Complete testing of the operation of the
first step of the sulfur-iodine (General

Atomic) cycle in a continuous bench-scale
mode.

b) Design a pressurized electrolysis cell

for H2SO 3 electrolysis.

c) Design and start construction of a
laboratory model of the hybrid sulfur

cycle.

d) Complete undated engineering flowsheets
for the sulfur-iodine cycle.

Thermochemical. Water-Splitting Cycle (General
Atomic) Task

The objectives of this effort are to perform

process engineering on the sulfur-iodine cycle and
bench-scale testing of the individual steps of the

cycle. Additional engineering is required to

refire end improve the process design which already

shows promise. Bench-scale testing of the indiv-

idual process steps will provide the data necessary
for the preparation of a realistic engineering
flowsheet, which is prerequisite to conducting a

bench-scale demonstration of an entire cycle. The

FY78 task will include the following activities:

a) Complete the bench-scale testing of the
initial reaction of the sulfur-iodine

cycle.

b) Design, construct, and start testing of

bench-scale model for iodine and water
recovery from the HI-H2O-12 lower phase

produced in the initial reaction of the
cycle.

c) Complete the computer code designed to

aid process optima-nation and flowsheet
preparation and update the flowsheet for

the GA cycle. This computer code should
significantly reduce the time required

for incorporating new laboratory develop-
ments into an engineering flowEheet.

Hydrogen Production Process Equipment (Westinghouse)

Task

The objective of this effort is to assess the

technical and economic feasibility of a hybrid
(electrolytic/thermochemical) hydrogen-generation

process based on the electrolysis of sulfurous
acid. Because the theoretical cell voltage

(0.17 volt) for sulfurous acid electrolysis is
only 14 percent of the corresponding voltage

(1.23 volts) for pure water, this hybrid process
could produce hydrogen from water more economically

than direct electrolysis. For this potential to

be realized, cell over-voltage must be minimized,
and an efficient and economic method for concen-

trating and decomposing the sulfuric acid which is
produced by the electrolysis must be developed. A

meaningful assessment of the potential for this
cycle will require experimental determination of



the operating characteristics of the key process
steps. These data can then be used in the engineer-
ing and economic analyses of the total system. For
FY78, DOE (STOR) funds will be concentrated on the
electrolyzer portion of the system. Funds for
sulfur trioxide reduction are expected from DOE
(Solar) under a separate contract. During FY78,
this task will concentrate on the following
activities:

a) Conduct experiments aimed at choosing
the electrocatalyst and electrode
configurations for eventual scale-up of
the electrolyzer.

b) Design a pressurized, heated electrolyzer
capable of operating at pressures up to
20 atmospheres and temperatures up to
4000K. Operation at higher pressure
should improve performance by increasing
the solubility of S0 2 in the anolyte at
the elevated operating temperature
desired for the electrolysis step.

c) Conduct a 200-hour endurance test of a
single-cell electrolyzer which embodies
the best technology (anode and cathode
materials and configurations) available
at this time.

d) Design and start construction of a working
laboratory model of the hybrid sulfur cycle
This model will prove the scientific feas-
ibility of water-splitting via thermo-
chemical titles and will serve as a test
bed for subsequent testing of electrolyzer
catalysts, electrodes, etc. This task will
be co-funded by Westinghouse.

Supporting Research and Technology

The objective of this effort is to provide some
of the data necessary for developing technologies
that are common to several thermochemical cycles
or for identifying new technologies that may offer
alternatives to existing approaches. Activities
include:

a) Identify suitable electrode material for
HBr electrolysis and determine the operat-
ing parameters for the resulting cell.

b) Assess the feasibility of using a solar
heat source, either alone or in combina-
tion with a nuclear heat source, for
thermochemical cycles.

c) Assess the trade-off between decomposing
HBr and concentrating H2SO4 solutions.

d) Determine the operating parameters of a
selected catalyst for S03 reduction.

e) Develop containment materials for thermo-
chemical cycles.

Advanced HBr Electrolysis Studies and Solar Heat
Source Feasibility Study (Inst. of Gas Technology)
Task:

Advanced HBr Electrolysis Study

Hybrid electrochemical cycles may operate more
efficiently and produce hydrogen at less cost than

either a pure thermochemical or a pure electrolytic
process. The purpose of this electrolysis effort
Is to study the decomposition of HBr which is
recognized as the key problem area for the sulfur-
bromine cycle. If an efficient process for decom-
posing HBr could be found, the sulfur-bromine cycle
would represent an alternative to the hybrid sulfur
cycle, which utilizes electrolysis of sulfurous
acid. Since the H2SO4 produced in the electrolysis
of sulfurous acid is relatively dilute, it must be
concentrated prior to decomposition. In contrast,
the sulfur-bromine cycle avoids the costly concen-
tration process because the H2SO4 produced in the
first step of this cycle Is already concentrated.
The work planned for HBr electrolysis in FY78 will
be a follow-on to preliminary studies started in
FY77 and will involve the following activities:

a) Experimentally determine the required
voltage at a selected current density
and acid concentration for a minimum of
five electrode materials and five
electrode catalysts. This testing will
identify low-cost, corrosion-resistant
materials for the electrode and the
electrode catalyst.

b) Experimentally evaluate the cell voltage
over a range of current densities (50-500
mA/cm2 ) and acid concentrations for the
best electrode material/catalyst combina-
tion determined by the initial testing.

0 Construct an electrolysis cell capable of
producing hydrogen at pressures in the
range of at least 2 to 5 atmospheres over a
temperature range of at least 300-4000K.

Solar Heat Source Feasibility Study

The primary objective of this effort is to
analytically evaluate the technical feasibility of
supplying heat to hydrogen-producing chemical cycles
from solar energy alone or from solar energy in
combination with nuclear enecgy. If the use of
solar energy as the high-temperature (11500K) heat
source for thermochemical cycles is feasible, then
solar energy would represent an alternative to the
high-temperature nuclear reactor usually considered
as the potential heat source. A secondary objec-
tive is to evaluate the feasibility of supplying
heat to thermochemical cycles via a combination of
high-temperature and low-temperature sources rather
than from a single high-temperature source. This
feasibility study will concentrs,.e on two activities
during FY78.

a) Catalog costs for the solar and nuclear
heat in the high-temperature range
(1000-11500K for nuclear sources; 1000-
1500'K for solar sources) that will be
required for thermochemical cycles. These
costs will be obtained from the DOE Solar
Electric Division and from nuclear
reactor manufacturers.

b) For two specific thermochemical cycles
and two specific hybrid (electrochemical)
cycles, the net heat and work will be
calculated via the IGT maximum attainable
efficiency methodology. The overall
cycle efficiency and the estimated cost
for the produced hydrogen will be calcu-
lated for each cycle assuming the



various solar and nuclear heat source
combinations.

Thermochemical Processes for Hydrogen Production
(DOE-Loa Alamos) Task

The primary role of the Los Alamos Scientific
Laboratory (LASE) in the overall thermochemical-
hydrogen program (as conceived at this time) is to
provide supporting research and technology in
problem areas common to a number of thermochemical
cycles. New techniques for solution concentration
and thermochemical decomposition of HBr are
examples of such activities. Technology developed
in these studies will be transferred to industry.
With respect to the DOE National Laboratories such
as LASL, the NASA role is to provide DOE with guide-
lines for activities within the element plan.

Experimental Investigation of H2SO 4 Dissociation
Task

The objective of this study is to establish a
base of experimentally-determined, reaction-rate
and heat-transfer data for the catalytic dissocia-
tion of H2SO4. This decomposition is one of the
key reactions occurring in several of the current
contending, thermochemical water-splitting cycles.
In addition, dry S03 dissociation, which is of
interest for thermochemical cycles and as a possible
means of thermal energy storage, will be investi-
gated. The planned activities for FY78 are:

a) Design, construct, and test the experi-
mental apparatus.

b) Complete experiments on dry S03
dissociation using a short reactor (no
heat-transfer effects) and publish the
results.

Materials Development for Theri,,-;chemical Cycles
(DOE-Lawrence Livermore)

The objective of this study as presently per-
ceived is to test and evaluate materials for the
sulfuric acid vaporizer which will be used in
the sulfur-iodine (General Atomic) and hybrid-
sulfur (Westinghouse) cycles. These studies will
be closely coordinated with materials studies at
Westinghouse and GA to avoid unnec-assary dupli-
cation. In addition to determining the amounts of
corrosion occurring for a given set of conditions,
the na_ure of the attack will also be studied for
a bet!er understanding of the corrosion mechanisms.

Cycle Evaluation

The evaluation of promising cycles for
requisite data to designate the reference cycle will
be continued in FY7,8. The review and evaluation
of two thermochemical cycles designated by DOE/
NASA will be completed during FY78.

Evaluation of Thermochemical Hydrogen Production
Processes (University of Kentucky) Task

This task provides an independent, unbiased,
standardized review and evaluation of promising
thermochemical cycles, designated by NASA and
approved by DOE. To carry out these reviews, the
University of Kentucky established an Evaluation
Panel in FY77. Representatives of the academic

community, the DOE National Laboratories, and
private industry have been included on this panel.
To enhance the credibility of the economic analysis
of these cycles, members of chemical engineering
design organizations (such as Combustion Engineering-
Lummus) will be included on the panel. In order
for a cycle to be a candidate for evaluation by the
panel, all the individual chemical reactions in
the cycle must have been demonstrated in the labora-
tory (at least on a batch-reaction basis) and an
engineering flowsheet for the process must be
available. Using a standardized format, the panel
will prepare a report for each reviewed cycle
which constitutes their best appraisal of the
current status of the cycle.

TRANSMISSION, DISTRIBUTION, AND STORAGE CONTAINER
ELEMENT

This element addresses the transport of hydro-
gen, particularly as a compressed gas, and the
technically-related storage of gaseous hydrogen.
These subjects are combined into the same grouping
because of related technical disciplines, such as
containment and compression. Widespread distribu-
tion of gaseous hydrogen in residential and com-
mercial applications appears to be a far-term
possibility; however, storage and relatively short-
distance transmission are integral parts of all
gaseous hydrogen systems. Planned activities will
promote a better understanding of the longer-range
needs of large-scale hydrogen transmission and
distribution and provide the data base for the
development of low-cost, facility-scale trans-
mission and distribution methods and inexpensive
bulk storage techniques for near-term applications.

The fundamental objective of this element is
to develop minimum-cost technology for transmis-,..n,
distribution, and storage of gaseous hydrogen.
One 5-year goal is to determine the techno-
economic characteristics of bulk storage techniques
which have potential for low-cost bulk storage.
Another 5-year goal is to understand the technical
necessity for and the economic trade-offs associ-
ated with new pipeline and storage materials for
conformance with pressure vessel safety require-
ments. Designs of innovative pipeline/storage
systems using conventional and new materials will
be closely coordinated with containment materials
research studies. Initial efforts will be directed
toward the identification apd exploitation of
systems which appear to be promising near-term
candidates for gaseous hydrogen containment.
Systems which have only longer range possibilities
will be evaluated for practicability and future
study efforts will be recommended.

Hydrogen Service Equipment Testing Task

This task is conducting performance and
degradation tests on commercially-available natural
gas service equipment while simulating operation
in a hydrogen grid. Tt.e nation has a large invest-
ment in existing naturail gas transmission and
distribution equipment. Should it become desirable
in the future to make widespread distribution of
hydrogen, either pure or as a diluent, clearer
decisions will be possible if the performance of
existing equipment is understood. In FY77, a
small-scale test grid was set up to flow hydrogen
or mixtures of natural gas and hydrogen through
standard natural gas equipment in a controlled
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manner for assessment of equipment performance
and identification of compatibility problems.
Phase II of this task plans to use that facility
to continue the testing of standard equipment as
follows:

a) Materials testis,, and operational testing
of selected components from Phase I.

b) Evaluation of technical problems assozi-
ated with distribution of various mixtures
of natural gas and hydrogen.

c) Additional loop testing of selected com-
ponents with hydrogen.

d) Permeability studies on plastic and
composite piping.

Storage Cont.iners for Gaseous Hydrogen Task

This task will identify factors in the current
design criteria for gaseous hydrogen storage con-
tainers which are conducive to excel^ weight or
cost and will evaluate novel designs or construction
techniques for improved storage container
capability. The commercially-utilized storage
containers ("K" bottles and "tube" tanks) for small
quantities of gaseous hydrogen represent the "brute-
force" approach to pressure vessel design.
Facility tanks for storage of larger quantities of
hydrogen do not significantly improve the ratio of
the stored volume of hydrogen to container weight.
Recent advances in the determination of the precise
physical properties for containment materials
and in the verification of container construction
techniques have resulted in safe, lightweight tanks
for containment of hostile media (pressurants and
propellants) in aerospace applications. Improve-
ments in the fabrication of parts from composite
materials are continually being demonstrated in
successful aircraft applications. This task will
consolidate the existing design requirements for
gaseous hydrogen storage containers _nd identify
the criteria which represent overdesign. !recom-
mendations for appropriate reductions in design
safety factors will be made. Suggestions for
studies and investigations which would enlarge the
existing data base and extend the optimization pro-
cess for storage containers will be made. Novel
construction materials and techniques will be eval-
uated for capability and suitability for the fabri-
cation of storage containers for gaseous hydrogen.
A design approach for further evaluation and possi-
ble demonstration will be recommended.

CONTAINMENT MATERIALS ELEMENT

The Containment Materials Element is a support-
ing technology which is inherently associated with
potential successes in the production, storage,
transport, and energy conversion of hydrogen. All
technological elements of the Hydrogen Energy
Storage Program require the containment of chemical
environments; therefore, a full knowledge of
potential interactions between the specific environ-
ments which must be contained and the containment
materials is required for prediction of the life-
times of components and systems and the determina-
tion of potential extensions of capability. For
the Transmission, Distribution, and Storage Vessels
Element, containment materials are integral to the
optimum design and economic trade-offs associated

with systems studies. Hydrogen safety, where
safety is the result of good design and correct
materials selection, requires a complete knowledge
of hydrogen material interactions.

Present materials technology permits th
selection of containment materials which will
remain reasonably free from environmental degrada-
tion in most aggressive environments of concer..
to the various technological elements; however,
the operating conditions of the systems are either
constrained or the materials are expensive. For
example, hydrogen containment materials are either
ferrous alloys containing high concentrations of
alloying additions, such as austenitic stainless
steels, or are based on some nonferrous alloy
system. Such materials are expensive and their
required use could seriously hinder the future
development of large-scale hydrogen energy storage,
transport, and conversion systems. If future
systems must be based upon our present materials
technology, a serious depletion of our supply of
rarer metals will result. Therefore, in order to
permit the implementation of large-scale hydrogen
energy systems, methods must be found for the
effective use of existing low-cost materials or
new materials which will retain their compatibility
for long and predictable periods of environmental
exposure must be developed. The presently
envisioned objectives for this element are based
upon the extension of knowledge concerning H2/
ferrous alloy behavior as related to the presently
identifiable needs of the technological elements of
the Hydrogen Energy Storage Program.

Thermal Processing Task

This task will:

a) Develop an understanding of the influences
of microstructure on the susceptibility of
mild steels to hydrogen degradation.

b) Identify the least susceptible micro-
structure which can be easily obtainr:d
in commercially-available, mild steels
through normal thermal processing
procedures.

Insufficient knowledge is presently available
regarding the potential degrading influence of
hydrogen on the mechanical properties of mild
steels. If, as indicated, susceptibility to
embrittlement is strongly sensitive to micro-
structural variations, material microstructures,
obtainable by normal thermal processing techniques,
may yield inexpensive, commercially-available
alloys which are reasonably free from the degrading
effects of environmental hydrogen. This task will
be carried out in an in-house program at the Ames
Research Center-NASA using commercially available
alloys and normal thermal processing techniques.

State of Stress Task

The task will determine the importance of the
state of stress effect on the ease of crack initia-
tion and propagation in structural steels exposed
to and/or containing hydrogen. An extended
knowledge of the state of stress influence could
provide important information which would increase
the flexibility and the reliability of materials
selection for hydrogen service. This task will be
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accomplished by contract and will be a continuation
of current effort in this area. Data will be taken
oa well-characterized materials »sing unique
specimen configurations which provide uniaxial,
biaxial, and triaxial states of stress.

Stable Crack Growth Task

This task will establish the role of hydrogen
In the stable crack growth behavior of mild steel
at stress levels approaching those required for
unstable fracture.

Stable crack growth will occur in ductile
materials at stress levels approaching those
required for unstable fracture. Because this could
be a primary mode of failure in a statically-
stressed, hydrogen pipeline, the influence of a
gaseous hydrogen environment on stable crack
behavior should be established. Hydrogen-enhanced
crack growth will be investigated at stress levels
near the unstable fracture domain using such
experimental techniques as J-integral or COD
measurement.

Manufacturing and Fabrication Defects Task

As presently perceived this task will:

a) Determine if structural defects, resulting
from the manufacturing and fabricating
techniques utilized in pipeline construc-
tion, accentuate the susceptibility of
mild steel to environmental hydrogen
degradation.

b) Establish the influence of mechanical
flaws (external and internal to the
pipeline wall) on the mechanical integrity
of pipeline material during simulated
pipeline operation.

c) Determine the mechanical integrity of
welded pipe sections fabricated under
well-characterized procedures when tested
under simulated conditions of pipeline
operation.

A data base on the suitability of well-
characterized manufacturing and fabrication proc-
edures is required to reliably and accurately

predict the integrity of an operational hydrogen
pipeline system. Well-characterized processes and
procedures will be studied under simulated opera-
tional conditions using the unique hydrogen
pipeline-loop located at Sandia Laboratory,
Livermore.

This task will be carried out at the Sandia
Laboratory, Livermore, using their extensive exper-
tise in manufacturing and process techniques and
their unique hydrogen pipeline-loop test facility.

Hydrogen/Methane Blends and Metal Hydrides Task

This task will determine if potential com-
patibility problems exist when mild steels under
stress are exposed to environments of molecular
hydrogen in hydrogen/methane blends or when protonic
hydrogen, created by the dissociation of metal
hydrides, :a in intimate contact with the metal.
Hydrogen in the form of hydrogen/methane blends is
being considered as a possible supplement to our
natural gas supply. It is important to establish
whether or not such blends will degrade the
mechanical integrity of pipeline steels. Metal
hydrides are being developed as one method of
hydrogen storage. It is important to establish
whether or not,the intimate contact of the protonic
hydrogen, which is created by the dissociation of
such hydrides, will have a degrading effect on
mild steel. This task is a continuation of an
in-house effort at the Ames Research Center-NASA.

Laser Welding Task

This task will determine if laser welding is a
feasible method for joining hydrogen transmission
systems. The feasibility of laser welding as a
technique for the construction of hydrogen pipe-
lines will be determined by comparing the mechanical
and metallurgical properties of parent materials
and weldments produced by arc and electron-beam
welding with similar properties of laser weldments.
This task is a continuation of a contract with the
Pratt and Whitney Aircraft Group.
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DEVELOPMENT STATUS OF SOLID POLYMER ELECTROLYTE WATER ELECTROLYSIS
FOR LARGE SCALE HYDROGEN GENERATION

J. H. Russell and L. J. Nuttall

General Electric Company
Wilmington, Mass.

Abstract

In a joint U. S. Department of Energy, Utility anJ Company sponsored program, General Electric is
developing the solid polymer electrolyte (SPE) water electrolysis technology for large scale hydrogen
generation applications. The goals for this program were established on the basis of a design study for a 58
MW plant that was conducted in 1975. 1 Subsequent parallel technology development and hardware scale-
up efforts have resulted in significant progress toward the accomplishment of these goals.

Developments to date under this program include a cell design capable of operation at much higher
temperatures (up to 150°C) and having a much lower manufacturing cost than the baseline design used in
previous aerospace electrolysis applications. An improved oxygen evolution electrocatalyst has also been
found which is both less expensive and more efficient than the baseline cell.

As a first step in scaling up to large size cells, the design of a 2-1/2 ft' active area cell has been completed
and fabrication is in progress. A 50 KW module, consisting of 12 cells of this design is expected to be on
test by mid-1978. Photographs of the cell hardware are shown and preliminary test results presented.

Background

In last year's meeting, General Electric reported on the program
which we are engaged in to develop an efficient, economic, large
scale water electrolysis system using the solid polymer electrolyte
cell technology. The goal of this program is to develop all
technology which can make water electrolysis a viable alternative
in the overall energy field as a means of conserving and supple-
menting increasingly scarce supplies of natural gas. This effort is
presently being sponsored by the U.S. Energy Research and De-
velopment Administration, tite Niagara Mohawk Power Company,
the Empire State Electric Energy Research Corporation and the
General Electric Company.

The solid polymer electrolyte technology was selected for this
program on the basis of outstanding performance and operating
characteristics which have been demonstrated in systems devel-
oped for aerospace and military applications. These characteris-
tics include the following:

1. Significantly higher cell efficiency than conventional elec-
trolyzers, r,-s i'ting in lower power consumption per unit of
gas generated.

2. Higher current density capability resulting in lower capital
cost, size and weight for the electrolysis modules.

3. The electrolyte is chemically bound in the polymer chain,
resulting in a system with no free corrosive liquids to be
concerned with during design, assembly, operation or
maintenance of the system.

4. A solid electrolyte makes possible greater simplicity in the
system design as well as improved reliability and safety.

At the outset of the program in 1975, a design study was con-
ducted for a 58 MW t system (625,000 SCFH OF 1 12), an artists
concept of which is shown in Figure 1. On the basis of the study

results, the goals for the development program were established as
follows:

Overall System Efficiency	 85 - 9055
System Capital Cost 	 <5100/KW
Life	 Cell - 40,000 hours

System - >20 years
Scale up	 5MW Demo. Syst.

The goals relating to the system efficiency and capital costs are
shown more specifically in Table 1. Using the values for tht; high
pressure system, the cost for electrolytic hydrogen produe,;d by
such a system is shown oil 2 as a function of electric Bower
costs and duty cycle. Under the ground rules established fm the
study it was assumed that off-peak electric power would be avail-
able at 10 mils/KWH for a 40`, y'c duty cycle. Under these conditions
the resulting hydrogen would cost approximately S5/MBTL' with-
out taking any credit for the by-product oxygen.

In a separate study which relates to the possible large scale use
of electrolytic hydrogen to supplement natural gas supplies, the
Institute of Gas Technology estimated the possible econoinics of
using this type of advanced electrolysis in conjunction with a dedi-
cated nuclear plant to generate the electrical power. The results
are shown on Table 2, indicating a possible cost for the hydrogen
of 55.36/MBTU with no credit for the by-product oxygen, and
54.22/MBT'U including a S10/ton oxygen credit.

Development Program

In order to achieve the above cost ar.d efficiency goals, the
development program is directed primarily at the following areas:

For lower cost —

Low cost materials for separators and current collectors.
I L. J. NuttAl, "Conceptual Design of a Large Scale Water	 2. Elimination of gasket seals.
Electrolysis System Using Solid Polymer Electrolyte 	 3. Use of lower cost catalyst.
Technology;" presented at 1st World Hydrogen Energy 	 4. Reduced catalyst loadings.
Conference, March, 1976. 	 5. Lower cost electrolyte.
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For higher efficiency --
I . Operation at higher temperature (up to 150°C).
2. Improved catalytic electrodes.
3. Optimization of the electrolyte and cell design.

In parallel with these technology development efforts, a cell
scale-up effort is underway to design, fabricate and test: first, a
200KW (2160 SCFH) module which will continue to be used for
.n-house development testing as the various improved technology
items reach a point where they are ready for incorporation into
the scaled-up cell design; second, a 500 KW (5400 SCFH) proto-
type system which will be delivered to the Brookhaven National
Laboratory (or some other site to be designated) where it will be
tested under typical operational conditions, possibly in conjunc-
tion with a metal hydride hydrogen storage system; and, finally a
SMW full scale demonstration system which is planned to be in-
stalled in the Niagara Mohawk Power Company network where it
will generate hydrogen using off-peak electrical power. The hydro-
gen produced at this installation will be injected into the natural
gas pipeline where it would supplement the natural gas to meet
peak energy demands at other locations in their system.

Current Status

Development progress in all of the above areas has been very
encouraging and continues to support the feasibility of achiev-
ing, or very nearly achieving, the original program goals (recog-
nizing that the cost goals were based on 1975 dollars).

Reduced Cost

In the area of reduced costs, the progress made to date is pre-
sented in Table 3 which compares the 1977 baseline (which
forms the basis for the initial scaled-up cell design) with the
1975 baseline, representing the technology at the beginning of
the program. Also shown is an estimate of the 1978 baseline which
represents additional improvements that have been identified and
are in the process of laboratory cell evaluation and which are ex-
pected to be ready to begin incorporating in the large scale cells in
1978.

A graphic representation of this information is shown on Figure
3.

The greatest part of the cost reduction realized to date has re-
sulted from the development of a molded carbon and phenolic
separator/current collector to replace the transition metal screens
and separator sheet which was used in the 1975 conf:kuration.
This development also includes a gasketless sealing configuration
which not only eliminates the need for expensive silicone rubt.„
gaskets as used in the earlier design, but also provides a more re-
liable seal that will permit leak-tight operation up to 500-600 psi
gas pressures.

This cell configuration has demonstrated good performance
(comparable to that of the previous metal current collectors) out
to current densities in excess of 5000 amps/Ft 2 , as shown on Fig-
ure 4. Life testing of this configuration now exceeds 5000 hours at
1000 ASF, more than 700 hours at 2000 ASF and 400 hours at
3000 ASF, all at 300°F.

The other area contributing to the reduction is the use of a
lower cost catalyst on the anode (which also provides a significant
increase in performance as described below) and a slightly lower
catalyst loading on the cathode (2 gm/Ft 2 vs. 4 gm/Ft2).

During the next year major emphasis will be placed on further
reductions in catalyst loadings and on the continued development

of a lower cost SPE material. Catalyst loadings as low as 0.2 gm/
Ft 2 on the cathode and I gm/Ft 2 on the anode have been tested,
and methods for practical application of even lighter loadings are
being investigated.

Radiation grafted poly tritiuorostyrene (TFS) still appea,s pro-
mising as a lower cost SPE material. Two probable causes for the
performance decay with time have now been identified and cor-
rective measures have been established. Operational evaluation of
the improved material is just getting underway.

Improved Efficiency

The performance goal of this development program is represen-
ted by the estimated 1980 polarization curve shown in Figure 5.
Most of the improvement from the 1975 baseline performance,
also shown on this curve, results from increasing the operating
temperature from lWF to 300°F. As mentioned above, more
than 5000 hours of life testing has been accumulated ' , date with-
out any serious problems. The results of this testing tends to con-
firm the potential for achieving more than 40,000 hours of life for
the cell operating under these conditions.

Most of the additional 70 m y improvement needed at 1000
ASF to achieve the program goal is expected to result from im-
proved anode catalyst development, with some further improve-
ment possible in the electrolyte performance. More than 20 candi-
date catalysts have been screened to date and the three most
promising have been subjected to longer term life testing. The
results shown on Figure 6 indicate that the catalyst WE-3 is very
stable, comparable with the baseline WE4 catalyst, and is demon-
strating a sustained 40 - 50 my superior performance. In addition,
this catalyst is considerably less expensive, having a cost of ap-
proximately 550 of that for the WE-4.

Cell Scale-up

An initial scale-up from the laboratory cell size of 7.2 in 2 to I
Ft 2 with a carbon separator/current collector configuration was
made under a privately funded HCl electrolysis program. A 2-cell
module of this size is shown in Figure 7. The performance and
operating characteristics have been virtually identical with the
smaller laboratory cells.

Under the water electrolysis program, a 2 1/2 Ft 2 cell design
has been completed and fabrication of the components for a 12-
cell (^-50 KW) module is in progress. Figure 8 shows one of the
early membrane/electrode assemblies (M&E's) which has been
fabricated. Although the hardware is not yet available to test the
complete cell, smaller cut outs from the first four M&E's made
have been tested, and show performance comparable to, or better
than, the baseline laboratory cells as shown on Figure 9.

Figure 10 shows a mock-up of the 50 KW module which will be
on test by the middle of next year. A cut away of this module is
shown in Figure 11 which illustrates the cell design details.

Program Milestones

A reduction in the amount of funding available from ERDA in
1977 and 1978 has resulted in a slippage in the schedule for this
program as reported last year. A revised program plan was therefore
s:!hmi. ed earlier this year which indicated the possible timing and
milestones as shoran on Table 4.
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TABLE 1

PROGRAM GOALS
BULK HYDROGEN GENERATION -WATER ELECTROLYSIS

SYSTEM COST:

INSTALLED ELECTROLYSIS SYSTEM S82/KWO

• ELECTROLYSIS MODULE S131KW$

• POWER CONDITIONER S391KW,

• ANCILLARY COMPONENTS S151KW,

• INSTALLATION S8/KW,

SYSTEM PERFORMANCE:

SYSTEM ENERGY EFFICIENCY 90% 85%

ELECTROLYSIS MODULE EFFICIENCY 93% 88%

CELL VOLTAGE AT 1000ASF 1.58 1.63

• OPERATING TEMPERATURE -OF 300 300

HYDROGEN PRESSURE 100 psi$ 600 psis
ACTIVE CELL AREA 10FT2

TABLE 2

NUCLEAR-ELECTROLYTIC HYDROGEN PRODUCTION FACILITY
ESTIMATED ANNUAL COSTS'

9/106 Btu
ANNUAL OF H2

ITEM COST, $10 6 PRODUCED

NUCLEAR-TO-ELECTRICITY SUBSYSTEM
FUEL 27.5 0.79
OPERATING AND MAINTENANCE 6.1 0.17
FIXED CAPITAL CHARGES (S 737 X 10 6 AT 17.6%) 129.7 3.72

SUBTOTAL 163.3 4.68ELECTRICITY •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 IS 69 X 10 6 AT 17.6%) 12.1 0.35

SUBTOTAL 23.4 0.68
TOTAL COST 186.7 5.26
POSSIBLE OXYGEN BY-PRODUCT CREDIT ($101SHORT TON) .64

NET COST 4.72

iF FROM "EFFICIENCY AND COST ADVANTAGES OF AN ADVANCED TECHNOLOGY
NUCLEAR-ELECTROLYTIC HYDROGEN-ENERGY PRODUCTION FACILITY"
-T.D. DONAKOWSKI i W.J.D. ESCHER. ACS CENTENNIAL MEETING, APR 4 .9, 1976.
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TABLE 3

ESTIMATED MODULE PRODUCTION COSTS

KEY COMPONENT 1976 SASE 1977 SASE 1976 EST COAL

CURRENT COLLECTOR 6190/FTS 5301FTC 23 S7IFTS

CATALYTIC ELECTRODES S69/FTX 8271Ffl S $2IFTI

SOLID POLYMER 826IFT2 6251Ffl 12 831FT1
ELECTROLYTE

STACK HARDWARE 561FTV $S/FT# 6 S9/FTI

8260#0 1 $$S/FT* 60 518/FTS

(5196/KW) (8641KW) (S361KW) (S13/KW)

TABLE 4

PROGRAM GOALS
SCALED-UP HARDWARE PERFORMANCE

TECHNOLOGY

50 KW, 200 KW, 500 KW, 6 mw,

PROPOSED TIME PERIOD MID '77 MID '79 END 11 EARLY '83

PROD. MODULE COST see/FT1 870/Ffl 9SO/FTI 815/FT1
ON PRODUCTION HARDWARE)

ELECTROLYSIS MODULE 80% 85% 90% 93%
EFFICIENCY (100 psi)

• CELL VOLTAGE AT 1.85 1.76 1.65 1.58
t000ASF (100 palm)

- OPERATING TEMP. 1S0 1801300 300 3000F

- OPERATING PRESSURE 300 3001800 500 500

• CELL ACTIVE AREA 2%F'TS 215FT11 10FTI 10.30FT2
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Figure 7 HCI Electrolysis 2-Cell Mod 	 0 F001 2 Cell Areal

Figure 6, 2 1h Foot SPE Membrane/Electrode Assembly
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DEVELOPMENT OF A REGENERATIVE SOLID POLYMER
ELECTROLYTE HYDROGEN /HALOGEN FUEL CELL

FOR HIGH EFFICIENCY ENERGY STORAGE

•	 Minimized materials problems due to the low operating
temperature (i.e., < 100°C).

• System pressurization via the electrocherical cell with
reactant differential pressure capabilities in excess of
500 psi.

Feasibility Test Results

James F. McElroy
General Electric Co.
Wilmington, Mass.

Abstract

An economic and efficient means of energy
storage has long been desired by electric utilities
and others. Pumped hydro requires large land
use whereas storage batteries can be of higher
costs and lower reliability. The use of the solid
polymer electrolyte with its proven long life
(>45,000 demonstrated) provides the basis for
a high reliability hydrogen /halogen regenerative
fuel cell for energy storage. With current densities
in excess of 300 ASF the system economics
becomes attractive.

A preliminary system description is provided
for the hydrogen-chlorine cycle. The results of
feasibility tests, initial cell development and pre-
liminary cost analyses are also discussed.

System Description

A preliminary system design concept is shown in Figure 1. In
this concept the solid polymer electrolyte electrochemical unit
will produce gaseous hydrogen and chlorine during time electrolysis
charge mode and consume gaseous hydrogen and chlorine dis-
solved in aqueous HCI during the discharge mode with an overall
electric to electric efficiency in excess of 70 %. The gaseous
chlorine produced during the HCI electrolysis is liquified utilizing
40°C cooling water and separately stored. This technique sets the
chlorine storage system pressure considerably below that which
would be obtained by producing liquid chlorine in the cell at 90°C
with a significant storage system cost reduction. During discharge,
the liquid chlorine is metered into the circulating aqueous HCI
solution at a rate determined by the electrical !oad demand.

The hydrogen gas produced during the electrolysis charge mode
is purified and stored in an iron titanium hydride storage bed. This
hydrogen is then released to the cell during discharge utilizing
waste heat from the electrochemical cell to liberate the hydrogen
from the hydride.

The Hydrogen/chlorine energy storage system concept utilizing
the solid polymer electrolyte electrochemical cell has many unique
advantages. Some of the more significant advantages are:

• The system can be separately sized for power and energy
storage.

I

• Enhanced safety with only a minute fraction of the stored
reactants within the electrochemical cell stack.

•	 High current density capabilities of the cell (i.e., > 300
ASF).

Preliminary laboratory tests of the solid polymer electrolyte cell
have indicated that system electric to electric (F.T.F.) storage
efficiencies of > 7017,^ can be obtained at current densities > 300
ASF. Through the use of  specially configured chlorine electrode,
almost complete reversibility has been achieved when producing
chlorine gas during charge and consuming chlorine dissolved in
aqueous HCI during discharge. Figure 2 displays the demonstrated
cell characteristics at ambient conditions with almost all of the
performance slope being IR related. This figure shows the revers-
ibility of the cell and a demonstrated 61 ;^ E.T. E. voltage
efficiency at 300 ASF and ambient conditions. The performance
goals and the weans of obtaining these goals are also displayed.
An 80" F.T.E. voltage efficiency goal has been established to
allow up to 10'/r losses in parasitic system characteristics such as
pumping power, current inefficiencies, and power conditioning
inefficiencies.

Cell Development

To demonstrate the performance goals the hydrogen/ chlorine
cells must be operated at the operational conditions reflected
on Figure 2. A system to accomplish this task has been designed
and two systems are presently undergoing final assembly and
checkout. Figure 3 displays the system layout.

This high temperature /high pressure system has been well
over-designed such that larger units and higher pressures can
be evaluated. Major system characteristics include:

•	 1000 PSI working pressure for both hydrogen and
chlorine subsystems

•	 205°F working temperature

•	 1500 cc's electrolyte reactant
•	 0 to 4 GPM electrolyte reactant flow

It is anticipated that these systems will provide valuable
operational parametric data in the weeks and months ahead.

During the design and fabrication of the two high temperature/
high pressure systems, work has continued in cell development
utilizing room temperature /room pressure hydrogen/bromine
facilities. The bromine halogen was selected for the ambient
condition tests due to its similarity to the chlorine at operational
conditions (i.e., liquid flow).

Initial tests on the hydrogen bromine cell, shown on Figure 4,
showed that the bromine electrode configuration was quite revers-
ible. The hydrogen /bromine cell performance and the hydrogen/
chlorine cell performances were in fact quite similar with the
exception that the open circuit voltage of the bromine cell was
approximately 0.3 volt lower than the chlorine cell at
approximately equivalent acid concentrations. This cell con-
figuration with its special halogen electrode was operating through
three 160 hour cycles at up to 300 ASF on hydrogen /bromine.
This rather stable performance of the cell is displayed on Figure
S.
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Several materials were lested for corrosion conipalihilily
at approminately 2001- and sc%eial wen selected as good can
didates I'm cell component parts. A cell was fahticated which
utilized only the materials that had displayed thousands of hours
of corrosion compatibility at 200"1 Hith insignificant weight,
appearance,	 and	 mechanical	 charac teristics	 changes.	 'I'll c
hydrogen bromine performance of this cell, which ulilizcd
a non noble niclal halogen cit,diode is shown oil igurc 6. An
ambient temperature life test of this cell actually displayed
performance improvement with operational tinic. Figure 7 shows
performance characteristics at various points in the 600 hour test.

The effect of high acid coaccniration oil 	 is an
important Consideration clue to its impact oil size and cost
of the halogen storage subsystems. Testing of a cell up to 48 W'1''f
hydrobrontic acid was performed Hith the test results sho\vn on
Figure 8. This figure displays the cell performances at various
points in file cha rgc discharge c ycle. 'llic change in open circuit
will) acid concentrations appeared as predicted but the encoiirag-
ing aspect was that little change in the fuel cell slope resulted
from the high acid concentrations.

Preliminary Cost Analyses

The demorsualion of conipalible materials, non noble metal
halogen clec trodes, and performance over a large range of acid
C011CCntrali011s have enabled the preliminary costing of' tile hydro-
gen/chlorine clectrochcinical niodule. fable I reflects the prodaac-
tion costs of a 2 MW (electric output) module with six hundred
10 ft 2 cells. Also included in This table are the costs of' tile hydro-
gen purification and control subsystem. All costs have been
determined utilizing the EPRI costing approach.

Utilizing the Table I cost figures and suitable cost prgjections
for the hydrogen and chlorine storage systems, a production
capital cost projection for the desired uninstalled system can be
generated. Figure 9 l I ] shows the dollars per KW projection versus
the system discharge hours.

TABLE I

HCI RFGFNL'RATIVE
FUI-I. CELL COST BREAKDOWN

(October 1977)

Average Performance (154 IiCI)

(20 MW Output System 10 Modules
(!. 2 MW eao h with 10 Ft'- Cells)

Cost /Ft 2 (Module)	 15.072 S /Ft2

(0 1 1.13 Volts 300 ASF) 2.95 Ft'- = 1 KW

FC/Elect. Module 515.072 (2.95) = 	 44.46 S/KW

FC/Elect. Module & H, Subsystem Controls 	 $54.06 S/KW

TOTAL Manufacturing Cost 	 $59.46 S/KW

Cost Based on: 10%G and A, S7./Flour Labor and 150%
Labor Overhead

The low capital cos of the system is achieved primarily by
operation of the electrochemical cell at high current density and
producing chlorine gas in the charge mode which results in a low
pressure chlorine sohsysteni.

Sumntary

I'he solid polymer clectrol^te technology offers some unique
advantages as a hydiogeli r halo6en energy storage device. Some of
the major characteristics are displayed on '! <lile II.

Work is continuing on the development of the hydrogen/
chlorin• energy storage system under the auspices of the U.S.
Energy Research and Development Administration. Operation of a
laboratory scale system is planned for later this year and
Continuous materials and configurations development and system
analysis is planned forGFY 1978. (Figure 10)
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TABLE II

SUMMARY OF
ADVANTAGES OF GE' S SPE HYDROGEN -HALOGEN

13ATTERY FOR ENERGY STORAGE

• INDFTENDFNT SIZING FOR POWER AND ENERGY

• HIGH CURRENT DENSITIE S 61 . 	 EFFICIENCY (>300
ASP 01 >701 ',) (>6 TIMES Z itCl BATTERY CURRENT
1)FNSITY)

• ABLE. TO WITHSTAND LARGE DIFFERENTIAL PRES-
SURES (5000 PSI DEMONSTRATED)

• ELIMINATES NEED OF COMPRESSOR FOR HYDROGEN
STORAGE

• OPL cATIONAL PARAMETERS COMPATIBLE WITH IN-
'TE'RFACE CONDITIONS OF ENERGY STORAGE SYSTEMS

• HIGHLY REVERSIBLE ELECTRODES CAPABLE OF
OPERATION IN REGENERATIVE MODE (BOTH CHLOR-
INE AND BROMINE DEMONSTRATED)

• CELL ASSEMBLY MATERIAL COMPATIBLE WITH HALO-
GENS (THOUSANDS OF HOURS OF CORROSION TESTS
AT 200°F)

• LONG STABLE LIFE DEMONSTRATED ON POLYMER IN
ELECTROLYSIS AND FUEL CELL MODES (+45,000 HOURS)

• COMMONALITY BETWEEN HYDROGEN-HALOGEN AND
WATER ELECTROLYSIS, CHLORINE ELECTROLYSIS
AND HYDROGEN OXYGEN FUEL CELL TECHNOLOGIES
(ALLOWS TECHNOLOGY SPIN OFF)
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INVESTIGATIONS ON MATERIALS FOR
ADVANCED WATER ELECL'ROLYZERSt

S. Srinivasan, P. W. T. Lu, G. Kissel, F. Kulesa,
C. R. Davidson i , H. Huang2 , S. Gottesfeld3,

and J. Orehotsky4

Department of Energy are Environment
Brookhaven National Laboratory

Upton, N. Y. 11973

Abstract

The development of advanced water
electrolyzers is currently aimed at the
further increased energy efficiency, reduced
capital costs and prolonged life time.
Efforts have been made to find stable
materials for cell construction and to
search for better electrocatalytts for
the hydrogen and oxygen electrodes. Optical
techniques were used to determine the
correlations between optical properties of
oxide films formed on Ir and Ru and their
electrocatalytic activities for the OER.
Ellipsometric studies revealed that the
variation of oxygen overpotential with
time on Ni is essentially due to the
gradual conversion of Ni 3+ to N14+ in the
oxide film on the electrode surface. The
electrocatalytic activities of aged
electrodes are rejuvenated using electro-
chemical methods. Oxide catalysts of
spinel or perovskite structure such as
NiCo204 and Ba2MnReO6 were investigated
as oxygen electrodes. Effects of magnetic
properties on the electrocatalysis for the
OER were studied on lithiated nickel oxide
and on Ni-Cu alloys. Nickel boride and
NiCo204 show higher catalytic activities
than Ni for hydrogen and oxygen
evolution, respectively, particularly for
long term operations. Materials for
separators, gaskets, seals and cell frame
have been evaluated in singl y. cells,
operating at temperatures ul. to 1500C.
The preliminary results ind.. : 3te that
there is a loss of 29 in coulombic
efficiency for the electrolytic hydrogen
production at 1200C as compared with 250C.

1. Introduction

There are three promising approaches to improve
water electrolysis technology: ( i) development of
solid polymer electrolyte (SPE) water electrolysis
cells, in which there is a maximization of surface
of the electrodes and minimization of inter-
electrode spacing; ( ii) increasing the operating
temperature of alkaline electrolyzers from 80°C to
a temperature in the range of 120-150°C; and

tThis work was performed under the auspices of
the U.S. Department of Energy

IPresent address: Dept, of Materials Science,
Univ. of Virginia, Charlottesville, Va.

2Present address: Dept, of Chemistry & Physics,
Middle Tennessee State Univ., Mnrfreesboro, Tenn.

3Permanent address: Dept. of Chemistry, Tel. Aviv
Univ., Tel Aviv, isreal

4Permanent address: Engineering Dept., Wilkes
College, Wilkes-Barre, Pa.

(iii) development of advanced concepts, e.g., find-
ing more reversible electrodes, use of anode
depolarizers, water vapor electrolysis in molten
or solid electrolytes, thermochemical-electrochemi-
cal hybrid cycles, hydroxyl ion transporting
membranes and photoelectrolysis of water. The
needed areas of investigation for the development
of the first two technologies are (i) finding
stable materials for cell construction (electrodes,
current collectors, gaskets, seals, etc.);
(ii) searching for better	 ^ctrocatalysts for the
hydrogen and oxygen elect ses; ( iii) determining
reasons for time variation of performance of water
electrolysis cells and methods to inhibit it; and
(iv) determining the coulombic efficiencies of
cells operating at relatively high temperatures
and pressures. The activities at BNL carried out
in these areas using electrochemical, ellipsometric
and other techniques in short and/or long term
experiments are described briefly in the following
sections.

2.• Optical and Electrochemical Properties of oxide
Films Formed on Metals in the Oxygen Evolution
Reaction

2.1 Rationale for Approach

The oxygen evolution reaction (OER) always
occurs on oxide covered metallic surfaces or on
oxides. The properties of the surface oxides
determine the kinetics of t is reaction. The
problem of performance deterioration in commerical
as well as in advanced (e.g., the General Electric
Solid Polymer Electrolyte Cell) water electrolyzers
it partly due to the increase of oxygen overpoten-
tial with time. The latter phenomenon is probably
due to changes in physical (e.g., thickness,
electronic conductivity) and chemical (e.g., oxi-
dation state, nonstoichiometric oxides) properties
of the oxide film. During the previous year, the
influence of the electronic conductivity of the
film on the electrocatalytic activity was illus-
trated, by using a combined ellipsometric-electro-
chemical technique, with platinum or nickel as
test electrodes. This work ( 1) was presented at
the last Hydrogen Contractors' Meeting. The same
techniques were used in the current year to
determine the correlations between the optical
properties of oxide films formed on iridium and
ruthenium and their electrocatalytic activities
for the OER. In addition, this approach was also
used to elucidate the mechanism of time variation
of oxygen overpotential on nickel electrodes.

2.2 Studies on Iridium

The optical and electrochemical analysis(2)
of oxide layers, formed on iridium, performed by
combined ellipsometric and refl .ectometric measure-
ments shows that a hydroxide layer with a
refractive index of = 1.44 - 0.01 1 and a thick-
ness which may exceed 2000 A° remains even at
cathodic potentials on the Ir electrode, as a
result of multicycling. Applications of anodic
potentials, close to that for oxygen evolution,
results in an increase of the extinction
coefficient to a level typical for semiconductors
(nf = 1.43 - 0.10 i at 1.50 V). This thick
semiconducting phase oxide on iridium in the OER
region seems to have a high level of bulk defects
and a high concentration of active sites, the
generation of both being related to the gradual
variation of the oxidation state of Ir in the
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oxide, prior to and simultaneously with the oxygen
evolution of oxygen. The oxygen evolution rates on
Ir between 1.5 and 1.6 V are shown to increase
significantly in the presence of such oxides; a
lower Tafel slot- of O.eRT is also observed on
these thick oxides.	 r-

2.3 Studies on Ruthenium

For the OER from acidic media, Ru exhibits even
higher electrocatalytic activity than Ir. As a
first approach to understanding the kinetics of
anodic reaction in SPE water electrolyzers, the
electrochemical behavior of Ru for this reaction
was investigated in IN H22SO at 200C, coupled with
ellipsometric and reflectometric measurements. As
illustrated in Figure 1, the overpotential for
oxygen evolution at 1 MA/cm2 on Ru is only ' -210 mV,
while at the same current density, Pt and Ir show
oxygen overpotentials of 640 and 360 mV, respec-
tively. Ellipsometric investigations revealed that
the oxide film, formed on Ru during oxygen evolu-
tion, is highly light -absorbing and thus is a_,
excellent electronic conductor. At constant
potentials below 1 . 43 V ve RHE, the current
densities for oxygen evolution, either on freshly
prepared or preanodized zu electrodes, are prac-
tically stable, exhibiting a Tafel slope of 11-RT/2F.
However, ruthenium oxide (RuOx) dissolves at higher
potentials. The onset potential of the anodic
disolution of RuOx in IN H2SO4 is in the range of
1.44-1.46 V ( see Figure 1). After polarization 2
of a ruthenium electrode of geometric area 0.25 cm
at 1.5 V for 20 hours, the subsequent chemical
analysis of the electrolyte using an atomic absorp-
tion spectroscopic technique, showed that it con-
tains 30 ug of Ru ions/ml. This significant
dissolution of RuOx also resulted in an enhancement
of current density at the constant potential of
1.5 V from 44 to 70 mA/cm2 (geometric area), which
is essentially due to the gradual increase of real
surface area of the electrode. The stabilization
of Ruox by alloying Ru with several transition
elements is underway.

2.4 Mechanism of Time Variation of Oxygen
Overpotential on Nickel Anodes

One of the significant factors, contributing
to the performance degradation with time in
commercial water electrolyzers, is due to the
gradual increase of overpotential for oxygen evolu-
tion, at a constant current density, which occurs
over a period of two years or aven more. More
recently, the performance decay on oxygen evolving
electrodes has been observed or, platinum in the
potential range of 1 . 6-2.0 V vs RHE(3), on
iridiumM and on nickel (5). The mechanism of the
performance degradation on nickel anodes was
investigated in IN KOH solution by using ellipso-
metry to analyze the nature of anodic films(6).
Effects of electrochemical pretreatment of the
films on the kinetics of the oxygen evolution
reaction were also investigated.

Figure 2 shows that nickel oxide films,
formed potentiostatically at 1.5 V, are more active
than the untreated (i.e., freshly prepared) nickel
for oxygen evolution at a constant potential of
1.8 V. The in situ ellipsometric analysis revealed
that the oxide film formed on Ni at 1.5 V is mainly
composed of B -NiOOH, which is presumably "the right
type of nickel oxide" for the OER. Further
anodization of B-NiOOH films results in the

chemical transformation of Ni3+ to N1
4+ ions. which

are inactive for the OER. The ratio of N1 3+ to
N14+ ions in the nonstoichicestric oxide film is
strongly dependent an the anodisation potential(7)
and the polarisation time!S). Therefoie, the time
variation of current density, for oxygen evolution
at constant potentials (above 1.56 V), as demon-
strated in Figure 2, is interpreted as ^eing due
to the gradual conversion of N1 3+ to Ni + ions in
the oxide film on the surface of nickel electrodes.

In general, higher oxides such as NiO2 are less
stable at elevated temperature. The rate of the
conversion of N13+ to N14+ ions in oxide films also
increases with increasing temperature. Thus, as
seen from Figure 3, the higher the electrolyte
temperature, the shorter the period of time for
approaching a stable current density. The electro-
catalytic activities of aged electrodes are
regained by "rejuvenating" the electrodes at 1.5 V.
Ellipsometric investigations revealed that the
"rejuvenation" of aged oxide films is essentially
attributed to the recovery of active sites (i.e.,
N1 3+ ions) on the very top layers of the films,
rather than the diminution of the film thickness.
Figure 3 also shows that, with increasing tempera-
ture, there is a more significant improvement of
the electrocatalytic activity by "rejuvenation"
on aged electrodes.

Effects of electrochemical pretreatment of
oxide films on nickel electrodes on the kinetics
of the OER are shown in Figure 4. Tafel plots, for
this reaction on nickel preanodized or "rejuven-
ated" at 1.5 V,exhibit only one linear region with
b ti 40 mV, while dual Tafel regions are observed
on nickel prepolarized at 1.8 or 2.0 V: b 1: 40 mV
at low n and b ;^ 170 mV at high n. As demonstrated
in Table 1, the thickness of oxide film on nickel
electrodes plays a less important role than its
chemical identity in determining the kinetics of
the OER. From the practical point of view, the
performance degradation of nickel anodes can be
retarded by (i) increasing the operating tempera-
ture of water electrolyzers; (ii) using electrode
materials of higher surface area, and thus polariz-
ing at less anodic potential to achieve a desired
current density; and (iii) introducing a secondary
cation into nickel oxide films (e.g., NiCo204).

3. Electrocatalysis of the Oxygen and Hydrogen
Electrode Reactions

Oxide catalysts with a high surface area were
prepared using a freeze drying technique. These
powders were then used in the preparation of
Teflon bonded electrodes. Teflon bonded Ba2MnReO6
electrodes were tested as oxygen electrodes over
the temperature range 23-1400C in KOH for oxygen
evolution and exhibited a Tafel slope of
0.7-0.8 RT/F. In general, catalytic effects of
this perovskite were poor. With nickel cobalt
oxide (NiCo204) which has a spinel structure, there
was no change in the mechanism of oxygen evolution
over the temperature range from 00 to 2400C. This
oxide was tested as an oxygen electrode in single
cells for water electrolysis over 500 hours. The
rate of increase of overpotentik with time was
less with NiCo204 than with Ni (Figure 5). How-
ever, Teflon bonded nickel cobalt oxide electrodes
showed poor structural stability at higher tempera-
tures (>1000C) and current densities ( >200 mA/cm2).
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A promising material for use as a hydrogen

electrodc in alkaline electrolyte is nickel
boride ( 9). Nickel boride electrodes, obtained
from Deutsch Automobile Gesselschaft in Stuttgart,
Germany, were evaluated as hydrogen electrodes in
water electrolysis cells over the temperature range
from 25-120°C and for over 500 hours. The over-
potential on this electrode is less than on a
comparable nickel screen electrode by up to 400 mV
at a current density of 333 mA/em 2 (Figure 6).

The effect of magnetic properties on the
electrocatalysis of lithiated nickel oxide for the
OER was investigated. Preliminar y studies indicate
a change of mechanism at about 1800C, which :.s
close to the Neel temperature. In a related
study ( 10), the temperature dependence of the Tafel
behavior for oxygen evolution in alkaline solution
was determined on Ni -Cu alloys, Ni 75Cu25 and
Ni 70Cu 0 - The Curie temperatures for these alloys
are 70^ and 50°C, respectively. There is a dis-
tinct change in the transfer coeffici-nt for the
oxygen evolution at a temperature close to the
Curie temperature ( Figure 7). Higher transfer
coefficients are observed below the Curie tempera-
ture, under which conditions the alloys are
ferromagnetically ordered.

4. Evaluation of Materials for Separators and
Other Cell Components

Single cells have been designed and fabricated
for long term evaluation of materials used in the
construction of cells. Provision is also made in
the cell design for measurements of half cell
potentials of the hydrogen and oxygen electrodes
as a function of time. All measurements were made
in alkaline solution and materials for separators,
gaskets, seals and cell frames have been evaluated
in single cells, operating at desired current
densities and at temperatures up to 150 0C. The
stress of this work has been on finding suitable
separator materials. At least fi tly materials
have been screenea and the more promising ones
evaluated in long term studies. Summarizing con-
clusions on the usefulness or otherwise of these
materials are presented in Table 2. Polysulfone
will be suitable for fabrication of cell frames
but has to be annealed properly to avoid stress
cracking. Ethylene -propylene seals are satis-
factory at temperatures below 1200C.

5. Measurement of Coulomoic Efficiency for
Electrolytic Hydrogen Production as a Function
of Temperature and Pressure

In both acid and alkaline water electrolysis
technologies, there is a need to increase the
operating temperature to about 12u -1500C to reach
the goal of a cell potential of 1.47 volts
(thermoneutral potential) at the highest possible
current densities. To minimize ohmic losses, it
is desirable to minimize the interelectrode spac-
ing. Further, the hydrogen gas is generated at
pressures of 40 atmos or higher for use in the
chemical industry, hydrogen storage as hydride and
in some applications as a fuel (e.g., natural gas
supplementation). Pressure electrolysis is more
economical than electrolysis at low pressures
and subsequent external compression. All these
factors increase the rates of diffusion of small
amounts of the evolved gases from one electrode
to the other, where it is consumed, and consequent-
ly reduces the coulombic efficiency in the cell.

An experimental cell was designed and con-
structed for measurement of the coulombic
efficiencies for hydrogen production as a function
of temperature and pressure. The preliminary
results indicate that there is a loss of 2%
coulombic efficiency at 12',", as compared with
250C. Experiments t-) make these measurements as a
function of ol-erating temperature, pressure and
interelectrode snacing are in progress.

6. Proposed Studies for FY 1978

The three major tasks in FY 1979 will include
research and development of 'i) solid polymer
electrolyte water electrolyzers; (ii) advanced
alkaline water electrolyzers; and (iii) advanced
concepts. In the first area, efforts will be
concentrated on the stabi . lization of ruthenium
based electrocatalysts for the oxygen electrode,
investigation, of the usefulness of electro-
chemically conducting oxide materials (e.g., doped

titanat_es) as anode current collectors and
determination of coulombic efficiencies for hydro-

gen production as a function of operatinq
temperature and pressure (this .last subtask will

also apply to the second task). ?ne second task

.:ill involve the long term evalur.ti.on of cell

construction materials (electrodes, separators,

gaskets, seals, cell frames, e.:c.), particularly
in the est riq being fabricated at Teledyne

Energy Systems.. A strcn.q area of interest in the
third task will be a centi , ,uation of the investiga-
tion of mixed oxides ( spi,iels, perovskites) as
oxygen electrodes. Correlations will be drawn
between electrocatalyt'_c activities and electronic,
magnetic or morpholo gic properties. There is
increasing interest in the use of anode depolari-
zers (e.g., carbonAceous materials) to considerably
reduce the electric energy consumption in water
electrolysis cells. Experiments will be initiated
in this direction. The substitution of a hydroxyl
ion transporting membrane for Nafion in SPE cells
will 'help in the solution of finding non-noble
metal electrodes and low cost current collectors.
The general opinion to date is that hydroxyl ion
transporting membranes are unstable. An examina-
tion of methods to stabilize hydroxyl ion
transporting membranes may lead to promising
approaches.
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Table 1. Kinetic Parameters for Oxygen Evolution on Pretreated Nickel Electrodes

Pretreatment	 df,	 Tafel Slope, b(mV)	 Exchange c.d., 1 0 (A /cm2)

high rl	 low r)	 high f)	 low r)

(1) Preanodization	 at 1.5 V, 1 hrs	 ti 230	 ---	 39	 ---	 3.8x10-12

(2) Preanodization at 1.8 V, 24 hrs 	 ti 620	 170	 43	 4.2x10-6 1.1x10-11

(3) Preanodization at 2. 0 V, 6 hrs	 ti 1400	 167	 40	 6.2x10 -7 2.2x10-12

(4) Rejuvenation at 1.5 V, 2 hrs 	 ti 620	 ---	 38	 ---	 1.1x10-12

Table 2. An Analysis of the Usefulness of Various Types of Materials as
Separators for Alkaline Water Electrolysis at Temperatures in
the Range of 80-1500C

Materials-Class or Type	 Comments

Asbestos Material	 Ideal separator under 1000C in alkali

Woven	 Asbestos works well used commercially.
Boron nitride - not stable in alkali
especially above 1000C•

Potassium Titanate Paper Very good in alkali above 1000C.
(Teflon Binder)

Nafion Very good in acid rit all temperatures;
works well in 20% NiOH at 100 0C and
above.

Non-woven (felts) Low resistance material but limited
life at elevated temperature. 	 Also
possible higher diffusion of gases.

Battery Separator Works well as separator material.
Most are of polyethylene base - not
suitable for higher temperature.

Cationic Membrane With the exception of Nafion, found
to be suitable in regard to resistance
but as a rule, short life above 1000C.

Anionic Membrane Very high resistance and short life.

Porous Membrane Teflon base, excellent durability above
1000C.	 All have high resistance
(2 to 10 times asbestos).
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ADVANCED ALKALINE ELECTROLYSIS
CELL DEVELOPMENT

J. N. Murray and M. R. Yaffe
Teledyne Energy Systems
110 West Timonium Road

Timonium, Maryland 21093

Abstract

The general approach and test results are presented from
the Task One screening of thermoplastic polymers as
potential electrode separators for use L^ alkaline solution
electrolysis systems. The program has now proceeded
Into the (Task Two) design and fabrication of a high
temperature, applied research test system. The general
description of the test system is given and an outline
for the upcoming program is discussed.
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The production of hydrogen via direct current electrol-
ysis of water from an alkaline solution has applicability
In today's economy and an outstanding future coupled
with many proposed energy schemes. This latter
statement is of course tempered by the need for
Improving the operating efficiencies while maintaining
or decreasing the low capital investment. The program
at Teledyne Energy Systems, sponsored by
Brookhaven National Laboratory under Contract
BNL-380750 -8, is directed to improving both the
energetics and the economics of this classic process
for hydrogen production. As discussed previously, (1)
two approaches are being evaluated. First, higher
operating temperatures lower the electrochemical
electrode overpotentials as well as the Ionic resistivi-
ty, leading to lower input cell voltages. Second,
development of improved electrode structures
incorporating improved electrocatalysts is being given
limited attention. Rather than review the overall
efforts, this report will be more of a program status
report. Discussions m overall hydrogen production
economics and detail of the technical experimental
program are available for the interested reader in
References 2, 3 and 4.

Current commercial alkaline water electrolysis
processes are limited In operating temperatures to
approximately 80 6C (180 0 F) because of the life
limitations of the asbestos mineral, chrysottle,
electrode separator. At these conditions, cell
operating voltages are reported to be between 1.8 and
2.2 volts per cell depending on operating applied
current as well as the sophistication of the catalyst
systems Involved. These values represent upper
process efficiencies of 67 to 82% relative to the
thermoneutral Input requirement of 1.48 volt
(68.3 Kcal/mole). In general, improvements of
roughly 3 my per degree C are observed with a
variety of electrode structures. With stable materials,
one can then foresee process efficiencies of up to
93% without the used of noble metal catalysts by
operating cells at 150•C.

The search for stable materials has been focused on
the electrode separator. Four thermoplastics which
had previously() shown applicability in structural
polymer applications were selected for the high
temperature evaluation. Phase One A of this
-program, ossenthilly completed in March 1977,
involved the evaluation of polysulfone and polyaryl-
w9fone, prepared into yarn/thread form by solvent
spinning into 16 and 12 µM diameter fiber respectively
by FRL. * The overall approach to evaluation is
presented as Figure One. The detall/results are
available In a technical summary report(4) and will
not be discussed in this text. The general findings
were essentially three. The polyarylsulfone (Astrel
360 from Carborundum Plastics) fiber was completely
attacked by the 150 0C (300 •F) caustic environment
within the 500 hour test period. Polysulfone fiber
(essentially Udel P-1700 from Union Carbide)
survived the 500 hour, 150 0C caustic electrolyte
testing although tensile strength was somewhat reduced.
The oxygen/KOH was a more harsh environment than
the hydrogen/KOH media. The second major finding
was that the critical polymer surface tension of the
polysulfone fiber separator was low. This in turn
requires a significantly smaller pore size to be
fabricated than predicted from capillary law theory.
The same approximate effect and value was observed
with the polyarylsulfone samples. The general test
electrolysis cell results were found to behave In a
predictable fashion as has been observed with
*formerly Fiber Research Laboratory, Dedham, Mass.

asbestos test cells. in general, superior test cell
results were demonstrated with the porous polysulfone
separator at 125 •C compared to the input values for the
asbestos separator cell at the recommended upper
temperature limit for the asbestos/alkaline system.

The second pair of thermoplastics is currently being
evaluated. Polyphenylene sulfide, supplied by
Phillips Fibers Corporation using hot melt spinning to
produce both fiber and staple form, is being tested
for chemical stability, mechanical stability and
surface wettability characteristics. The fiber itself
is too large (approximately 25 µM) for small pore size
matrix tests. Polyethersulfone, purchased from ICI
United States, Inc. will be melt spun Into approximately
3 µM staple only for evaluation as a porous separator.
The mechanical characteristics under different stress
levels have been reasonably well documented by the
manufacturer. A fifth potential polymer, polybenzi-
midazole (PBI), manufactured by Celanese Research
Co. Is reported( 6) to be available In sub-micron
diameter size In the near future. Development of the
PBI polymer ftuer for fuel cell applications Is being
funded by NASA Lewis and chemical stability Is
reported to have been demonstrated up to 100 °C.
Testing of this material In the electrolysis cell
environment should be possible by early 1978.

Part of the program with BNL has Involved Interfacing
with the BNL sponsored matrix development program
at the University of Virginia under Dr. Glenn E. Stoner
and P. J. Moran. Three asbestos matrix with various
degrees of treatment(1) prepared at the University
were recently submitted to TES for evaluation.
Although the initial test data appear encouraging, the
experiments were not completed at the time of this
writing.

Electrode and electrocatalyst development has recently
been restarted. The primary interest is in the anode
electrocatalyst NICo2O4 discussed In a series of
papeM by Tseung et al and currently under study at
BNL . In particular, the freeze-dry approach to
catalyst preparation appears to offer a specific
approach to an ordered (spinel type) oxide which may
have a stable, lower surface conductivity than the
in situ formed nickel oxides found in commercial
alkaline electrolyte electrolyzers. The requirement
for a hydrophobic binder such as PTFE emulsions is
of particular interest with respect to a gas evolution
electrode reaction and will be pursued as time
permits.

The primary effort in the Task Two portion of the
contract now underway is the design and construction
of the high temperature applied research electrolysis
system. The unit will be in effect a small version of
the anticipated commercial production equipment with
sufficient Instrumentation and controls to allow para-
metric studies as well as life testing of the various
components which may feature potential improvements.
The system will consist of three cabinets, the power
conversion cabinet, the mechanical/electrochemical
components cabinet and the instrumentation cabinet.
In general, the system which will incorporate a 5 cell
test module, will have sufficient input current (and
voltage) to allow production of approximately 25 SLM
(Standard Liters per Minute) of hydrogen. With the
particular cell selected for the test program, electrode
characteristics and stability can be studied up to
current densities of 2500 ma/cm 2 without resorting to
electrode masking techniques.
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The power supply cabinet is a self contakaed, air
cooled, solid state AC to DC converter. The SCR/
diode package rectifies the 460 VAC, 3 phase input to
DC to provide up to 750 ampere and 18 volt DC con-
tinuously. Although most life testing is anticipated to
be in the 500 to 1000 ma/cm 2 region, the hardware
capability was preselected to allow observations of,
for example, changes In limiting current densities.

The mechanical cabinet contains the electrolysis
module itself, the fluids support subsystems and the
gas pressure control system. The design of the
equipment is centerllned to accommodate testing up to
150 •C (300 • F). As the water vapor pressure at this
temperature could be 3 atmospheres, operation at a
moderate pressure of 7.8 atm (100 paig) is featured
to minimize water losses via the product pass. The
general mechanical schematic is shown as Figure Two.
The anode and cathode compartments of the electroly-
sis module are supplied with filtered, temperature
controlled, potassium hydroxide. electrolyte from the
respective anolyte (02) and catholyte (H2) reservoirs
by means of individually controlled electrolyte pumps.
The fluids pass adjacent to the gas generating
electrodes within the electrolysis module, entrain the
evolving gas and pass back to the Individual electrolyte
reservoirs where gas/liquid separation occurs. The
liquid flow rate is determined by the heat transfer
requirements and with this value as the parameter,
only a small portion (-1%) of the fluid stream is the
required water to be electrolyzed. The gas content
within the module effluent Is also kept at a relatively
low level at the normal operating range, however, thr
gas content could become appreciable at the highest
current (82v/o at 750 amp) with the lowest preselecte
pumping rate. The water consumed by the electroly-
sis process is replenished into the catholyte (H2)
reservoir by means of a pump on a signal provided by
the lowering of the catholyte liquid level as measured
by a differential pressure transducer (DPX-1).

Because the gases are generated at up to 100 psig, a
fail-safe type gas pressure control scheme was
designed, and successfully demonstrated. The
approach, shown in Figure Two, allows close control
of both the overall system pressure as well as the
differential gas pressure Imposed onto the electrolyte
reservoirs and electrolysis module. In general terms,
the overallsy5fem pressure is established (when the
system ,is generating gas) by setting the oxygen back
pressure via regulator BPR-1. The hydrogen pressure
Is then controlled by regulation of the hydrogen flow
rate to maintain a preset gas differential pressure as
monitored by DPX-2. During either normal or
emergency system shutdown, the oxygen is removed
from the system in a controlled fashion via shutdown
regulator (SR) as the hydrogen bleeds out through
the shutdown valving SV-3 and MV-5. Again, the
differential gas pressure is maintained at quite close
to zero.

The module itself will be a "conventional" modern
bipolar plate, series aligned, 5 cell unit. The frame/
seal design, established under a previous program
incorporates polysulfone as the primary structural
component with PTFE (teflon) seals. The electrodes
as well as electrode separator are conventional
commercial components, namely Nickel 200 wire cloth
electrodes and "iron free, type 1945, fuel cell grade
asbestos board". A variety of experiences with these
materials In the Teledyne Energy Systems commercial
HG and HS Series of Hydrogen generators have shown
these materials are stable beyond 13,000 continuous
operating hours. The temperatures of the modules in
these commercial units are normally maintained at
less than 82 •C and only limited electrolysis module
test experience has been accumulated in the operating
temperature range above 100 6C. The next proposed
task for the contract is the establishment of data at
(at least) 125 •C for a period of up to 2000 hours or
three months.

The instrumentation cabinet or console features the
meters for the display of electrical data as well as
temperature data and contains the safety shutdown
relays, resets, etc. A keylighted flow chart is
provided which allows the operator quick reference to
the various measurements In progress. The only data
not available at the instrumentation console will be the
gas pressures pnd the fluid flow rates, these In line
process Instruments being located in the mechanical
cabinet.

The construction and verification testing of the high
temperature test fixture constitutes the key segment
of the Task Two effort. On completion of the fixture,
a moderate systems and materials compatability test
of up to 2000 hours (and/or three months) is
anticipated as the Task Three effort. This data as
well as the data from a proposed Task Four test of
similar length with advanced technology module
components will then be utilized in an economic
evaluation of total hydrogen costs. For this economic
study a plant size of 5 MW will be utilized to allow
direct comparison of the various cost factors with
previous studies by BNL. With economics of the
advanced technology established as favorable, design
and construction of a demonstration pilot plant of
1 MWe would proceed to verify this sensible means of
production of hydrogen for the many present needs as
well as future requirements.
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SELECTION AND CHARACTERIZATION OF MATERIALS FOR ADVANCED WATER ELECTROLYZERSi
ASBESTOS DIAPHRAGM FAILURE AND CATHODE KINETICS

P. J. Moran, G. L. Cahen, Jr., and G. E. Stoner

Department of Materials Science
University of Virginia

Charlottesville, VA 22901

ABSTRACT

Two problems which adversely affect performance of alkaline eleotro-
lyzers are matrix failure and time dependent increases in cell voltage.
Observations of both of these phenomena have been documented and measured
as functions of operating conditions. Several possible explanations are
proposed for these two effects, and possible solutions are under
investigation.

I. ASBESTOS DIAPHRAGM FAILURE

The failure of asbestos diaphragms in alkaline
water electrolysis cells is a debated subject. One
common hypothesis attributes the failure to chemical
dissolution of the silica by the KOH electrolyte.
However other references state that the dissolution
is slows , that the electrolyte can be saturated with
K silicates without harmful effects to the electro-
lyte l , and that a protective layer of MgO (MgOH?)2
forms around the asbestos fibers, thus protecting
the silicas from dissolution. No reference exists
in the open literature that explains the dissolution
mechanisms and the resultant failure in detail.

Investigative research conducted at the Univer-
sity of Virginia3 , funded by ERDA through BNL (con-
tract BNL 412513-S) indicated other possible failure
mechanisms of the diaphragms. These mechanisms are
of a physical nature and operate independent of the
chemical dissolution. The relative severity of the
physical vs. chemical mechanisms has not been
resolved as of yet. A paper was presented concern-
ing the research on the physical failure mechanisms
at Airlie. The following section summarizes the
important conclusions:

(1) Gas pockets have been observed within the
asbestos diaphragms, the origin being:
entrapped gas upon insertion into electro-
lyte, nucleated gas on hydrophobic impuri-
ties in the asbestos diaphragm, or diffusion
of electrolysis product gasses into the
diaphragm.

(2) Other gas pockets are observed near the
electrode screens which are caused by dif-
fusion or entrapment of electrolysis prod-
uct gasses.

(3) The internal gas pockets increase in size
with temperature, while those nearer the
electrode screens incr, .ie with both temper-
ature and time during . ctrolysis.

(4) The hypothesis suggests that a pinhole even-
tually develops by the linking of various
gas pockets across the diaphragm (Fig. 1)
allowing passage of product gasses, result-
ing in product gas contamination, which can
cause additional complications or matrix
failure. A second phase of the project at
the University of Virginia was aimed at
avoiding or reducing the physical failure

mechanisms. This was done by the addition
of an appropriate wetting agent which
reduced significantly the number of nuclea-
tion sites within the diaphragm.

One successful candidate was found. Tin hydro-
sol, an inorganic polymeric and relatively uncommon
wetting agent, stabilized the diaphragm in accele--
ated nucleation tests and increased the wet strength
of the diaphragm significantly. Initial commercial
evaluation indicated that the presence of the
treated diaphragm had increased the cell voltage by
about 5%. Since that time two modifications have
been performed. First, studies were undertaken to
determine the minimum effective loadings of the
wetting agent so that the increase in diaphragm
resistance could be minimized (if that is where the
increase is). Secondly, by treating the asbestos
in a slurry and recasting the diaphragm, a more
continuous coating is achieved. Previous treatment
had been administered to as-cast diaphragms.

In August 1977, modified diaphragms were submit-
ted for further commercial evaluation. Recently an
observation which supports the physical failure
mechanism theory has arisen. Stereo microscopic
observation of electrode screen-asbestos interface,
which has been operating for several days, indi-
cates about 20% of the individual screen openings
contain large spherical pockets. This observation
must be conducted before disturbing the interface.
Figure 2 is an illustration of what is visible.

The potential benefit of Sn hydrosol is still
unanswered, but a conclusive decision is antici-
pated following interpretation of the commercial
evaluation results.

The theory of physical failure mechanisms, how-
ever, is independent of the Sn hydrosol anti is
apparently gaining new support.

II. CATHODE KINETICS

An interesting problem was uncovered during the
tin hydrosol program. Measurement of diaphragm
resistance in an operating electrolysis cell was
hindered by the lack of a stable cell voltage.
Further investigation revealed the following:

(1) The cell voltage: increases approximately
linearly with log t as illustrated in
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Fig. 3. This is a continual decrease in
voltage efficiency.

(2) Upon shorting the cell for several minutes
and then continuing electrolysis, the cell
voltage repeats the initial cycle (Fig. 4).

After several logs of time the +AmV is small
enough to consider the cell voltage stable. How-
ever, starting from a shorted cell at t - 0, a
stable cell voltage has not been seen over a log of
t. These phenomena indicate that some type of cur-
rent cycling or interruption will increase the cell
voltage efficiency. The following relationships
were also found:

(1) +AmV/At is t for tT

(2) +AmV/At is t _°or ti

(3) Both anode and cathode have initial over-
'potential changes. However, we nave found
the cathode's to be dominant in the cell
voltage increase with t.

(4) The cathode turns to a blackish color. SEM
micrographs of before and after cathodes
indicated no major change in surface area.
The blackish color is stable in air and dis-
appears when the cell is shorted. Initial
analysis showed nothing unusual; however,
more extensive analysis is underway.

Research efforts at Virginia are continuing in
this area. A technique such as current interruption
may be useful on a large scale to achieve a voltage
efficiency increase.

If the source of the problem could be isolated,
then the problem could be directly addressed. Per-
haps a solution other than current cycling could be
employed. Our present goal,. are to identify and/or
alleviate the problem.
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OPTICAL INVESTIGATION OF THE OXTJES OF RUTHENIUM
AND IRIDIUM IN RELATION TO THEIT. ELECTROCATALYTIC

ACTIVITY*

Fred H. Pollak
Physics Department
Belfer Graduate School of Science

2495 Amsterdam Avenue

New York, N.Y. 10033

1 11
Abstract

It has been suggested that the problem of current decay with time

in the oxygen evolution reaction in water electrolysis is connected
with the continuous growth of a poorly conducting oxide film on

catalyst surface. Optical techniques can yield valuable information
concerning the dynamics of oxide formation as well as the nature of

the oxide. The highly sensitive technique of the rotating light pipe

reflectometer can be used to investigate the time and spectral depend-
ence of reflectivity change on Ru and Ir catalyst surfaces in conjunc-
tion with electrochemical determinations. These materials have been

shown to be superior to Pt. In addition this optical technique can

be employed to evaluate the intrinsic reflectivity of RuO2 and IrO2

in the range 0.5-10 eV to gain information concerning the d-electrons

of these materials.

* Supported by Brookhaven National Laboratory, Upton, N.Y.
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I. Introduction

At the present time there is considerable in-
terest in developing high efficiency and low coat
water electrolyzers to meet the demands of hydro-
gen required by the chemical industry and as a
fuel in fuel cells and gas turbines. The develop-
ment of advanced technology for water electrolyses
is essential to minimize the cost of hydrogen.
The efficiency of water electrolysis systems de-
pends critically on the behavior of the oxygen
electrode. For oxygen evolution reaction (OER) on
metals or alloys at constant potentials, the con-
tinuous decrease of current densities with time is
one of the more difficult problems in water electro-
lysis. The time variation of current density has
been pointed out by Schultze [1] in the anodic
evolution of oxygen on platinum. More recently,
similar behavior has been observed on iridium C2]
and on nickel [3] anodes. It has been suggested
that the current decay with time is connected with
the continuous growth of a poorly conducting oxide
film, which retards the electron transfer or in-
hibits the radical reaction on the film surfaces
[2,3].

The OER always takes place on electrodes which
are covered with an oxide layer. The "catalytic
activity" of a metal-oxide-electrolyte system in
the OER may be described quantitatively in terms of
the exchange current density (i ) and the Tafel
slope (b • av/cc)log i). A good Slectrocatalyst is
associated with a high value oft and a low value
of b. Little is understood about°the properties of
the oxide phase and, especially, about the proper-
ties of the oxiae-electrolyte interface which are
required to achieve improved performance in the OER.
Evaluation of a number of metals and alloys as
electrocatalysts for the oxygen evolution reaction,
leads to nickel as a preferred anode material for
the OER in alkaline solutions and to noble metals
and their alloys as electrocatalysts for the OER in
acid solutions. Among the noble metals, the per-
formance of Ru, Ir and their alloys was found to be
much superior to that of a pure Pt anode. Thus,
the potential at which a steady-hate oxygen evolu-
tion current density of 1 mA cm (real) is obtain-
ed on Pt at room temperature is about 1.8 V vs.
RHE, while at an Ir anode this potential is only
about 1.5 V [4]. It is obvious, therefore, that
analysis of the surface layer formed on Ir prior to
and during the evolution of oxygen, revealing the
relationship between properties of this layer and
the performance of the Ir/aqueous solution inter-
face in the OER, may be an important kP,• to the
role of oxide layers in electrocatalys

A novel design for water electrolysis has
recently been proposed by the General Electric
Company using solid polymer electrolyte fuel cells
[51. In this type of water electrolysis cell a
solid sheet of perfluorinated polymer (Nafion)
serves as the electrolyte. The electrocatalysts
are platinum on the cathode side and iridium,
ruthenium or binary and ternary alloys of these
metals with transition metals on the anode side.
Hence there is considerable interest from a practi-
cal point of view in gaining a better understanding
of nature of electrocatalyst/electrolyte interface
for these particular materials.

II. Experimental Approach

Tl.e interest in the exact properties of the
surface layer present on Ir, Ru or the alloys
mentioned above has recently prompted an examin-
ation of the film formed by multicycling using
various methods including elltpsometrtc and re-
flectometric techniques. These investigations
have already yielded valuable information concern-
ing the nature of the oxide and the dynamics of its
formation [6,7]. However, they have^jeen perform-
ed at only one wavelength, i.e. 5461 A.

The wavelength limitation in the investiga-
tion of the dynamics of oxide formation and the
properties of the oxide itself can be overcome by
use of the highly sensitive technique of the rotat-
ing light pipe reflectometer (RLPR) r8]. A
schematic diagram of the RLPR system is shown in
Fig. 1. In this device, the quartz light pipe
rotating at	 100 Hz, captures alternately the re-
flected (RI ) and incident (I ) light beams and
transmits tRem to the detecto°r by internal reflec-
tion. The RI and I beam amplitudes are extracted
from the time°depend°ent signal I(t) by an electron-
ic gating circuit which employs field effect
transistors as switches for sample and hold measure-
ments. A high voltage operational amplifier ad-
justs the photomultiplier gain to keep I constant.
The reflectance R - (RI )/(I ) is then rgcorded
continuously as the photon energy Aw or other para-
meters such as oxidation times are varied. The
rapid comparison between incident and reflected
beams produces a high stability in R. so that re-
flective changes at least as small as JAR/RJ a7 10-4
can be detected. Because the optical alignment is
unchanged as the oxide layer is formed or removed,
the full sensitivity of the technique can be ex-
ploited in such an investigation. Finally, the
mechanical design of the light pipe produces a
rather large duty cycle which makes possible a
response time of the system sufficiently short
(— I sec.) that reflectance changes due to oxide
formation or dissolution can be observed as they
occur.

The sensitivity of the RLPR technique has been
clearly demonstrated by the work of Rubloff et al.
X91 on optical studies of chemisorption. Their re-
sults show that the technique can measure dynamical
changes in reflectance due to the formation of one
monolayer of absorbate and that it is possible to
make identification of the nature (i.e., species)
of the adsorbate by measuring the spectral depend-
ence of AR/R.

The RLPR method is not limited to one wave-
length as is the case in the previous ellipsometric
and reflectometric investigations 6,7 . Using
the RLPR it is possible to study the dependence of
oxide formation as a continuous function of inci-
dent photon energy in the range 0.7 - 6 eV, the
limitations being imposed by the absorption of the
electrolyte and the window of the electrolytic
cell.

*.n addition to evaluating the variations in
reflectivity in relation to catalytic activity it
would also be of considerable interest to determine
the intrinsic reflectivity of RuO2 and IrO2-
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Measurements of the spectral dependence of semi-
conductors and metals have been extremely valuable
in elucidating their electronic band properties.
For example, recent work in the spectral range
0.5 - 10 eV on the transition metal oxides Tt 2 03
and Nb l- Ti 02 has allowed an energy level
scheme of d-p lectrons to be assigned [101. These
measurements were pe-formed with the RLPR presently
operative at Yeshiva University. A similar study
on RuOpp and IrO2 will be compared with the recent
band structure calculations of Mattheiss Lil] and
hence give valuable information concerning the
d-electrons in these materials.

III. Planned Research

As discussed previously the RLPR method can be
utilized to detect the small changes in reflectiv-
ity that occur during the process of oxide formation
on a catalyst, both as a function of time and
photon energy. We plan an investigation of both of
these parameters in relation to the changes in
reflectivity that occur on various catalysts.
Specifically we intend to study Ru02 , Ir02 and Pt
in various acidic solutions including 1N A2SO4 and
CF  SO3H acids. In additton binary and ternary

altoys of transition metals in Ru will be investi-
gated.

We also plan to observe the changes in reflect-
ivity that occur at a fixed wavelength with time
during the cyling process and to correlate these
changes with the catalytic activity. Hence it will
be necessary to perform electrochemical measure-
ments in tandem with the reflectivity observations.
The second phase of this program will consist of
observing the changes in reflectivity that occur at
different wavelengths in the range 0.7 - 6 eV.
These determinations should yield valuable informa-
tion concerning the nature of the species of the
formed oxide. For example it is believed that the
problem of the continuous decrease of current
densities with time is related to the transformation
of RuO2 to RuO . An investigation of the wave-
length dependence o: the oxide formation may be
valuable in confiL it.g this postulate. This second
phase will also be done in tandem with electro-
chemical measurements.

The spectral dependence of the intrinsic re-
flectivity of Ru0 2 and IrO 2 in the range 0.5 - 10
eV will be studies in order to gain information
about the distribution of the d-electrons by comp-
arison with the band structure calculation of
Mattheiss rllj.
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THE HYDROGEN-CHLORINE ENERGY STORAGE SYSTEMt

J. McBreen, R. S. Yea, A. Beaufrere,
D-T. Chin* and S. Srinivasan

Department of Energy and Environment
Brookhaven National Laboratory

Upton, N. Y. 11973

Abstract

The electrochemically regenerative
hydrogen-chlorine system is being consider-
ed for large scale energy storage. It
offers many of the advantages of batteries
with fluid reactants such as elimination
of the problem of electrode morphology
changes with cycling and the possibility
of independently designing the system for
energy and power. Hence, it can be used
for both the daily and weekend utility
cycles. Recent work includes an extensive
heat and mass balance analysis for the
system, measurements of Nafion membrane
resistivity as a function of HC1 concentra-
tion and temperatures, and diffusivities
and permeation rates of chlorine through
Nafion membranes. Results of these studies
indicate that an overall electric-to-
electric efficiency of 75% or greater can
be projected for the system.

1. Introduction

The electrochemically regenerative hydrogen-
chlorine system is being considered for large
scale energy storage. Work at Brookhaven started
in the Summer of 1975(1). Several workers had
considered the system previously(2-4). However,
only low current density cells were developed.
Their characteristics are compared in Table I. In
this program high current density operation has
been achieved (270 mA/cm2 @ 1.OV)(5). High
current density operation is important since it
reduces the separator and current collector areas
and thus has a major effect on the overall system
cost.

Table I. Current Density at 1.OV for Various
H2/C12 Cells

Author and	 Current Density at
Year	 1.0V (mA/cm2 )	 Reference

The hydrogen-chlorine cell has fluid reactants
and products. Thus, the electrode morphology
changes that often plague batteries with solid
reactants are avoided. Cross migration of
reactant species through the membrane does not
constitute a permanent loss to the system, such
as would occur in a battery with dissolved
reactants and products.

Batteries with fluid reactants are attractive
for energy storage applications because they can
be independently designed for energy and rower.
Cell stacks can be optimized for power, efficiency
and cost. The latter is strongly dependent on the
current density and the number of cell parts.
Energy storage subsystems can be sized for the
particular application. This permits designs for
either the daily or weekend utility cycle. One
benefit that accrues from this ability to design
independently for energy and power is a reduction
in separator requirements. A battery with 10
hours of storage discharging at 270 mA/cm 2 has an
energy density of 2.7 Wh/cm2 . This energy density
is an order of magnitude higher than that found in
batteries with solid reactants: so separator
requirements are reduced accordingly. Circulating
electrolytes also simplify thermal management.

At this early stage, there are many develop-
ing allied technologies which could help in the
development of the hydrogen-chlorine energy
storage systems. These are the solid polymer
electrolyte electrolyzers and electrolysis of
water, hydrochloric acid and brines, and the large
scale manufacture of Nafion membranes for the
chlor-alkali industry.

2. Overall System Considerations

The electrochemically regenerative hydrogen-
chlorine energy storage system consists of a cell
stack and subsystems for reactant and electrolyte
storage. In the present conceptual design,
chlorine is evolved as a gas during charge and is
then separated from the acid and condensed as a
liquid at 400C using external cooling water.
Hydrogen is stored either as iron-titanium hydride
or as a compressed gas. This scheme of reactant
and electrolyte storage is outlined schematically
in Figura 1. The relative areas are proportional
to the relative volumes of the subsystems.
Table II gives the characteristics of a 1OMW/85 MWh
energy storage system with this design.

Foerster,(1923)	 3.3

Yoshizawa,
et al (1962)	 10
	

3	 Table II. Characteristics of a l0MW/85MWh

Bianchi (1964)	 50
	 4	 H2/C12 Energy Storage System

McElroy (1976)	 270
	

5

The present cell has a Nafion membrane separa-
tor. The electrodes are bonded to each side of
the membrane. During discharge, hydrogen gas is
fed into the cathode compartment. On charge,
provisions have to be made for hydrogen and
chlorine storage.

tThis work was performed under the auspices of the
U.S. Department of Energy
*Visiting Scientist at BNL from Clarkson College
of Technology, Potsdam, N.Y., in the Simmer of 1977

Characteristic Value

Current Density (A/ft 2 ) 200-300

Energy Density Reactants+Water (Wh/kg) 239

2 ) 4.9x104Total Electrode Area (ft

Reactant Volume

Chlorine/Hydrochloric Acid (ft 3 ) 1.15x104

Metal Hydride Ut3) 1.22x103
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The above calculations are for a current
density of 209 ASF, an average discharge voltage of
0.97V and operation with hydrochloric acid con-
centrations in the range of 5-35 w/o.

The hydrogen-chlorine cell differ* from most
batteries in that the open circuit voltage varies
appreciably with temperature and depth of dis-
charge. An emperical relationship has been
developed between the open circuit voltage and the
cell variabless

Ec - 1280 - 9.6 (w-10) - 1.7 (T-25) + AP, (1)

where Eo is the open circuit potential in mV, w
the hydrochloric acid concentration in w/o (for
concentrations above 10 w/o), T is the temperature
in oC, P the chlorine pressure in atmospheres and
A is a constant that is close to 1.

The temperature variation of the open circuit
potential reflects the large negative entropy of
formation of hydrochloric acid. This yields a
TAS value of 8.77 k cal/mole at room temperature.
This corresponds to a voltage of 0.38V. Since the
charging overvoltage is only about 0.15V, there is
a cooling effect on charge and a heating effect on
discharge.

This year we carried out a detailed heat and
mass balance analysis for the system. A computer
program was written for this purpose. This
analysis took into account the variation in the
physical and thermodynamic properties of all chemi-
cals during cycling. The analysis also took into
account variations in electrolyte temperature and
concentration and the variation in operating cell
voltages. Thus, the overall electric-to-electric
efficiencies could be calculated. A standard
method for non-isothermal heat balance analysis was
used(6). Calculations were done for constant
current operation at various overvoltages. Typical
results are shown in Figure 2. Calculated
electric-to-electric efficiencies are given in
Figure 3. Electric-to-electric efficiencies of
greater than 70% can be achieved if overvoltages
can be maintained below 0.17V.

One salient feature of the present conceptual
design is that no energy is required to maintain
storage such as for heating or refrigeration. The
system pressure is 150 psi which is within the
pressure rating of most of the shelf equipment.
Pressurized operation increases the solubility of
chlorine in the-electrolyte. Chlorine solubility
in hydrochloric acid increases with increasing
acid concentration, in the concentration ranges
used in the system. This behavior is the opposite
to what one finds in other inorganic chloride
electrolytes where there is a salting out effect.
High chlorine solubilities enhance mass transport
on discharge and minimize electrolyte circulating
requirements.

3. Nafion Membrane Resistivity and Electric-to-
Electric Efficiency

Since the kinetics of the electrochemical
reactions are fast, voltage efficiencies will be
largely determined by the Nafion resistivity.
Nafion resistivities have been measured as a func-
tion of HC1 concentration and temperature. The
method used was a simple DC method(7). The results
are given in Figure 4. These results were used in

conjunction with the results of the heat and mass
balance analysis to calculate the overall
electric-to-electric efficiency for the system.
The polarization losses due to the Nafion membrane
depend upon the degree of cooling during charge.
The latter is a function of the method of reactant
storage, external cooling and the degree of heat
exchange between the electrolyte and reactant
storage subsystems. The greater the degree of
cooling the higher the polarization losses due to
the Nafion membrane. Figure 5 gives plots of
several calculated cell voltage parameters. it
was assumed that all polarization losses were due
to iR losses in the Nafion membrane. A membrane
thickness of U.10" and the maximum possible degree
of cooling were assumed. The calculated voltage
is 74.5%. It is fortuitous that system tempera-
ture, acid concentration and Nafion resistivity
vary in such a way that iR losses remain relatively
constant with cycling. Thinner membranes and less
cooling during charge would yield even higher
efficiencies.

4. Chlorine Diffusivity in Nafion and Coulombic
Efficiency

System coulombic efficiency will depend on the
rate of reactant diffusion through the Nafion mem-
brane. Figure 6 is a schematic of a cell for
measurement of chlorine diffusiv£ties and permea-
tion rates. The cell consists of two compartments
that sandwich a Nafion membrane with a chlorine
electrode bonded to one side of the membrane. This
electrode is potentiostated at 0.4V positive to the
reversible hydrogen electrode in a hydrochloric
acid electrolyte. A hydrochloric acid electrolyte
containing chlorine is introduced into the other
compartment. The chlorine diffuses into the mem-
brane and is reduced on contact with the chlorine
electrode. The chlorine electrode current transi-
ent reflects the buildup of the concentration
gradient in the membrane and the steady state
current is an indicator of the self discharge rate
for that particular concentration of chlorine,
temperature and Nafion membrane thickness. The
ratio of the transient current to the steady state
current (Jt;Jo) is related to the diffusivity (D)
membrane thickness (L) and time (t) as follows:

Jt - 2	 L	 E(_1)n 
e -(L(2n+1)) 2/4DT (2)

J-	ffl/2 (DT) 1/2 n-o

The first term of the above equation gives results
that are valid up to 96.5% attainment of the
steady state, i.e.,

2
it - 2	 L	 e L74DT	 (3)
J. n1/2 (DT)1/2

The diffusivity can be calculated from the current
transient and the steady state permeation can be
read from the steady state current. Preliminary
data yield a chlorine diffusivity in Nafion of
2.lx10-7 cm2 sec-1 at 250C. The steady state
permeation using 14 w/o HC1 and atmospheric
pressure is about 1 mA for a 0.010" membrane.
Data will be obtained as a function of temperature
and HCl concentration. At present, indications
are that the coulombic efficiency will be high.
Self discharge on stand is not a concern since
only a small fraction of the reactant is stored in
the cell.
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S. Subcontractor Activi*_iwls_

In FY 1977, thr re were subcontracts at GE, EDA
and Bechtel. GE will soon deliver a 0.05 ft 2 cell
with a chlcrine/hylr;chloric acid storage system
capable of operating at elevated pressures and
temperatures. EDA has been carrying out chlorine
electrode studies, chlorine/hydrochloric acid sub-
system studies and investigations of fluoro-
plastics for tank liners. Bechtel has carried out
a preliminary techno-economic assessment.

6. Future Work

The 0.05 ft  cell and storage system will be
used to determine cell performance as a function
of HC1 concentration, temperature, pressure and
flow rates. These data will be used in defining
systems processes and for optimizing the system
and for designing larger systems. Materials
studies will focus on materials for current
collectors, hydrogen electrode electrocatalysts,
cost effective reactant storage and materials for
reactant circulating systems and seals.
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THE SULFUR CYCLE WATER DECOMPOSITION SYSTEM

Gerald H. Farbman
Westinghouse Electric Corporation
Advanced Energy Systems Division

P. 0. Box 10864
Pittsburgh, Pennsylvania 15236

Abstract

The objeRive of this program is to assess the technical and economic feasi-
bility of a hydrogen generation process, called the Sulfur Cycle Water Decom-
position System, 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 the key process steps in the hydrogen generating
cycle and to develop the technology to the point where a bench scale integrated
process development unit, operating at conditions similar to those expected in
commercial plants. can be designed, built, and operated by Fiscal Year 1983.

The experimental programs being conducted and discussed are concerned with the
sulfurous acid electrolysis, materials for handling high temperature sulfuric
acid and S03/SO2/0 /steam mixtures, and sulfur trioxide reduction. In addition,
performance characteristics of the process are presented.
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The objective of this program is to assess the tech-
nical and economic feasibility of a hydrogen gener-
ation process, called the Sulfur Cycle Water Decom-
position System, based upon the electrolysis of sul-
furous acid. To do this, a multi-task program is
being carried out to experimentally determine the
operating characteristics of the key process steps
in the hydrogen generating cycle and to develop the
technology to the point where a bench scale inte-
grated prv^ ess development unit, operating at condi-
tions similar to those expected in commercial plants,
can be designed, built, and operated by Fiscal Year
1983.

The Sulfur Cycle Water Decomposition System is a
two-step hybrid electrochemical/thermochemical cycle
for decomposing water into hydrogen and oxygen. The
process, in its most general form, consists of two
chemical reactions — one for producing oxygen and
the other for producing hydrogen. The production
of oxygen occurs via the thermal reduction of sul-
fur trioxide obtained from sulfuric acid.

H2SO4 i H2O + SO  - H2O + S0 2 + 112 02	[1]

The equilibrium for Reaction 1 lies to the right at
temperaturE;s above 1000K. Catalysts are available
for accelerating the rate of sulfur trioxide reduc-
tion to sulfur dioxide and oxygen. The process is
completed by using the sulfur dioxide from the ther-
mal reduction step to depolarize the anode of a
water electrolyzer. The overall reaction occurring
electrochemically is:

2H20 + SO2	 H2 + H2SO4	[2]

This is comprised of the individual reactions:

Cathode: 2H+ + 2e - H2

Anode:	 H2S03 + H2O 4 2H+ + H2SO4 + 2e

The net result of Reactions 1 and 2 is the decompo-
sition of water into hydrogen and oxygen. Sulfur
oxides are involved as recycling intermediates.
Although electrical power is required in the elec-
trolyzer, much smaller quantities than those neces-
sary in conventional electrolysis are needed. The
theoretical voltage to decompose water is 1.23 V.
with many commercial electrolyzers requiring over
2.0 V. The power requirements for Reaction 2
(0.17 volts at unit activity for reactants and pro-
ducts) are thus seen to be theoretically less than
15 percent of those required in conventional elec-
trolysis. This can dramatically change the heat
and work required to decompose water and lead to
improved thermal efficiencies.

The process is shown schematically in Figure 1.
Hydrogen is generated electrolytically in an elec-
trolysis cell which anodically oxidizes sulfurous
acid to sulfuric acid while simultaneously gener-
ating hydrogen at the cathode. Sulfuric acid formed
in the electrolyzer is then vaporized, using thermal
energy from a high temperature heat source. The
vaporized sulfuric acid (sulfur trioxide-steam mix-
ture) flows to an indirectly heated reduction reac-
tor where sulfur dioxide and oxygen are formed. Wet

sulfur dioxide and oxygen flow to the separation
system, where oxygen is produced as a process co-
product and the sulfur dioxide is recycled to the
electrolyzer.

The cycle has the potential for achieving high ther-
mal efficiencies while using common and inexpensive
chemicals. The product hydrogen and oxygen streams
are available under pressure and at high purity. As
a result, these may be pipelined and used without
detrimental environmental effects and without jeop-
ardizing processes which employ the gas.

Experimental studies are being conducted in those
areas important to the success of the process. These
studies are concerned with the sulfurous acid elec-
trolyzer, materials for handling high temperature
sulfuric acid and S03/SO2/02/steam mixtures, and
sulfur trioxide reduction. In addition, engineer-
ing evaluations of the process, its performance as
a function of operating parameters, and its econom-
ics have been performed.

Electrolyzer

The effort in the electrolyzer area has, in atmos-
pheric ambient temperature test cells, considered
anode materials, cathode types, and catholyte
anolyte separatory membranes over a range of sul-
furic acid concentrations and current densities.

An electrolytic test cell is shown schematically in
Figure 2. The use of a membrane to separate catho-
lyte and anolyte, as well as catholyte overpressure
to preclude the diffusion of sulfurous acid to the
catholyte with resulting preferential production of
sulfur rather than hydrogen - have been incorporated
in this design. The electrode on which gassing is
shown is the cathode. The liquid level in this com-
partment is higher than in the anode compartment to
maintain the desired overpressure ievel. Sulfuric
acid solution, saturated externally with sulfur di-
oxide, is circulated through the anode compartment.
The use of Hg/H92SO4 probe electrodes to monitor
polarizations at the cathode and anode (and current-
interruption techniques) permits detailed explora-
tion of the causes of cell voltage variations with
cell temperature, current density and experimental
procedures. Sulfur deposition, if it occurs, is
readily observable at the cathode due to the use of
transparent PVC face plates in the cell, the rest of
which is constructed of Teflon.

Initial testing of anodes used platinized platinum
and platinized carbon flooded electrode. Anode
voltages ranged between 450 mV to 650 mV against the
Standard Hydrogen Electrode (SHE) at current densi-
ties to 200 mA/cm2 , with the platinized carbon show-
ing much more reproducible results. To improve on
the performance, tests were then performed on flow-
through anodes, which would insure delivery of the
dissolved S02 to the entire body of the anode at a
concentration for optimum anode potential. Flow-
through anodes constructed of monolithic porous
graphite Were evaluated at current densities up to
400 mA/cm . These showed substantial improvements
in voltage compared to the best of the flooded
electrodes.

The overall cell performance capability reflects the
summation of the individual components of anode,
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cathode, and resistivity losses. Table 1 depicts the
performance levels currently demonstrated in the test
facility of Figure 3, and foreseen for the cell. Sub-
stantial progress has been made towards demonstrat-
ing the cell voltages of interest to a commercial
process, and the areas where improvements are yet to
be made have been identified and programs to accom-
plish them defined and underway. Work is proceeding
at present, in evaluating electrocatalysts, other
than platinum, for their effectiveness and in exam-
ining the effects of different anode porosities and
sulfuric acid concentration on the achievable cell
vo,tage.

Materials

As in most advanced technologies, materials of con-
struction are challenged by the water decomposition
process. The most critical structural and heat
transfer materials problem is in the containment of
boiling sulfuric acid, at pressures to 2069 kPa
(300 psi) and temperatures to 724K (845°F), during
the vaporization prior to S03 reduction. These con-
ditions are beyond those normally used in the manu-
facture or use of sulfuric acid and therefore mater-
ials data is generally unavailable. Work is under-
way to screen various candidate materials to deter-
mine their suitability or need for new alloy develop-
ment. This work is proceeding in the test facility
shown in Figure 4, where material compatibility with
concentrated sulfuric acid will be determined in
precious metal lined autoclaves containing a given
quantity of acid and a number of material test
specimens. The specimens will be exposed for time
periods up to 5000 hours at various pressure and
temperature levels. At periodic intervals the
samples will be removed from the test environment,
inspected, weighed, and returned to test.

The concern with the suitability of structural mater-
ials for the high temperature S03 reduction reactor
has resulted in the construction of the additional
test facility to expose candidate material to the
environment they will see in the reactor. The pur-
pose is to test materials under isolated conditions
with only the reactants, i.e., superheated steam,
S0 3 , SO22, and/or 02 present, and at temperatures
to 1144K (1600°F).

Sulfur Trioxide Reduction

The thermal decomposition of sulfur trioxide into
sulfur dioxide and oxygen proceeds very slowly un-
less catalyzed. The economics of the process can,
therefore, be substantially affected by the choice
of catalyst. Ideally, a catalyst will possess high
activity and long life. Catalyst activity is impor-
tant, since the ability to achieve equilibrium con-
versions at high space velocities leads to compact
reactors. Similarly, the ability of a catalyst to
maintain high activities for extended periods of
time lowers maintenance and catalyst replacement
costs. Most often trade-offs between activity and
life are required, and these are reflected in an
optimization of the capital and operating costs
associated with the chemical reactor.

Several catalysts have been tested to determine their
suitability to the S03 reduction step. Vanadium
pentoxide, for instance, has been examined over the
temperature range of interest to space velocities of
60,000 hr-l. Equilibrium conversions were a-hieved
over a space velocity range up to 10,000 hr' .

These activities were excellent, but 1000 hour life
test y showed a reduction in conversion of about
7 percent at 1123K (850°C). A platinum catalyst was
also tested which had poorer initial activity, but
showed no reduction in activity over the same 1000
hours at 1123K (850°0). Further work, using the
facility shown in Figure 5, will explore additional
catalysts and extend the testing parameters for all
catalysts to allow an economic juc'ament to be made
on the most attractive catalyst. The process fluid
to be reduced, in this facility, will contain S03
and water vapor in varying proportions to simulate
the inlet conditions for a range of sulfuric acid
concentrations. This provides a more realistic
testing environment than the earlier experimental
work which employed an SO 3/inert gas flow stream.

Process Flow Sheet Development

Process flow sheets have been developed under an
earlier NASA contract (Ref 1) and a prior ERDA
contract (Ref. 2). The latter provided an itera-
tion which allowed improvements to be made io the
areas of:

S02/0 Separation - The cryogenic separation
systeA previously used was replaced by a less
energy intensive scrubbing system for remov-
ing S02 from the oxygen co-product stream.

• Acid Vaporization - The pressure, and temper-
ature, of the acid vaporizatie,i system was
increased.

• Stream Matching - A great deal more attention
has been paid, in the revised flow sheet, to
the matching of process heating and cooling
streams to maximize the use of hot fluids and
minimize both the need for external heat in-
puts and the amount of heat ultimately re-
jected from the process plant.

The evaluation of the process flow sheets were all
done on the same sizing basis, i.e., a nydrogen pro-
duction rate of 380 x 106 SCFD, so that comparisons
can readily be made.

To proaide a process evaluation without regard to
the source of thermal energy to drive the process,
two cases were considered with a "generalized heat
source." These cases do not identify the source
of heat, but only indicate the energy requirements
and temperature levels of the process heat source.
For comparison with the NASA sponsored conceptual
design study (Ref. 1), two cases were considered
with a Very High Temperature Nuclear Reactor (VHTR)
integrated with the process plant. The VHTR pro-
vides all the energy requirements, i.-., thermal and
electrical, for the entire plant.

The four cases, with the NASA flow sheet as a base,
are compared in Table 2. In that table, Cases 1 and
3 reflect a self-sufficient process plant balanced
to generate only that amount of power required for
on-site consumption. As such, a quantity of elevat-
ed temperature heat in the process cannot be used
and must therefore be rejected. Cases 2 and 4 are
balanced to avoid this process heat loss by using
the otherwise wasted heat in the electric generating
plant to help produce electrical power in excess of
plant requirements. With the use of this "waste"
heat to supplement external heat inputs to the steam
turbine generators, the "excess" electricity is
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produced at an incremental thermal efficiency of
46 to 49 percent.

The experimental and analytical work being performed
on the Sulfur Cycle Water Decomposition System con-
tinues to support the technical and economic poten-
tial of the system as an efficient cost effective
way to produce hydrogen in the post-1985 time per-
iod, using as energy inputs any reasonable high tem-
perature heat source, such as nuclear or solar en-
ergy or a high temperature "waste" heat from an
industrial process.
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TABLE 1

ELECTROLYTIC CELL PERFORMANCE ( "

CURRENTLY
DEMONSTRABLE	 PROJECTED

ANODE POTENTIAL	 460 mV	 300 mV Q2

CATHODE POTENTIAL	 10 mV	 10 mV

CELL RESISTIVITY	 130 mV (3)	 100 mV (4)

600 mV	 410 mV

NOTES:

(1) At 50 percent H SO concentration, 200 mA/cm 2 . atmospherir
pressure, and tQrature 323K (50°C).

(2) Improved electrocatalyst, optimized anode porosity and
internal surface area.

(3) Total of membrane (25 mil microporous rubber) and other cell
IR losses.

(4) Total of membrane (15 mil microporous rubber) and other cell
IR losses. Increase of cell temperature would reduce this by
virtue of reduced sulfuric acid resistivity with increased
temperature.

TABLE 2

PROCESS VARIATIONS

H2

CASE FLOW SHEET HEAT SOURCE PRODUCTION

BASE NASA VHTR 380 x 106 SCFD

1 REVISED GENERALIZED 380 x 106 SCFD

2 REVISED GENERALIZED 380 x 106 SCFD

3 REVISED VHTR 380 x 106 SCFD

4 REVISED VHTR 380 x 106 SCFD

"EXCESS" OVERALL
POWER EFFICIENCY

0 45.2%

0 54.5%

285,550 KWe 53.5%

0 54.1%

179,010 KWe 53.1%
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OXYGEN RECOVERY

OXYGEN GENERATION
N20

H2SOa —40-H 2 0S02
0	 + S02 + 112 02

2

Mercury -
Mercur0us
Su hate
Reference
Electrode

Mercury -
Mercurous
Su Nate
Reference
Electrode

0. C. ELECTRICITY

a	 o	 N2

THERMAL ENERGY

HYDROGEN GENERATION
i
	 SULFURIC ACID

H2O	 1X20 + S02 + M2 + M2SO4	 VAPORIZATION

(E:ECTROLYZER)

H2O

S02
	 H2504

THERMAL ENERGY

Figure 1. Hydrogen Generation Schematic Diagram

Figure 2. Schematic of Sulfur Dioxide-Depolarized Electrolytic
Cell for Hydrogen Generation
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Figure 4. Acid • Vaporizer Materials Test Facility
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ABSTRACT

'	 G=eneral Atomic 'a thermochemieal water-splitting
program is in i.ts sixth year of development.; It is
presently a cooperative effort with support from the

w-	 U.S. Department of Energy and the American Gas Asao-
elation. Since the selection of the cycle in 1974,,
research on a broad'. basis has been carried out and
considerable progress in the area of chemistry, pro-
cess engineering.. as well as material investigations,

:	
has been made.

`

	

	 Under DOE. contract EY-76-C-03-01.67, Project
Agreement 63, GA is conducting bench scale technology
validation studies and process engineering• The bench
scale investigations are aimed at engineering; approaches
for conducting the chemical reactions and separation'

`.`	 procp4ses as continuous operations. Foi these inves-
tigations the process is broken up into three subunits:
1) the main solution reaction unit, 2) the sulfuric
acid unit, and 3) the hydrogen iodide unit. The
first unit has been built and is ready for testing._
The second unit.has`been designed, while the third

•	 unit is still in the conceptual stage. The develop
men¢ of a third" generation process flowsheet is in
progress. Recent improvements found in the chemistry
will be incorporated, and also major friction pressure

'	 losses will be taken into account. In this work the
process simulator code DESIGN/2000 from the Chemshare

_-	 Corporation will be'applied.
t.



1. INTRODUCTION

General Atomic's thermochemical water-splitting
program is in its sixth year of development. It
is presently a cooperative effort with support
from General Atomic (GA), the American Gas Asso-
ciation (AGA), soon to become Gas Research Insti-
tute (GRI) and the U.S. Department of Energy
(DOE). The DOE support for FY 1977 has been
$200,000 and funding at an equivalent level for
FY 1978 is expected.

After a computer-aided search s ,ipported with
scouting chemical investigations, the so-called
Sulfur-Iodine cycle was selected. The abbreviated
chemical description of the cycle, which was first
described by Russell (Ref. 1) is:

2 H2O + S02 + x I2 -6- H2SO4 + 2 HIx Aqueous	 (1)

2 HIx i x I2 + H2	4573  K	 (2)

H2SO4 H2O + S02 + 1/2 02	161144 K (3)

where the HI represents the mixture of several
polyiodides formed in the initial solution. Sep-
aration of the H2SO4 and HIx takes place under
^ravity, as the two acids are almost immiscible.
The upper phase contains most of the H2SO4, and
the lower phase contains most of the HIx.

The main attributes of the cycle are as fol-
lows: 1) it has a high expected thermal efficien-
cy (approximately 50X); 2) it has heat require-
ments that match the output capability of the very
high-temperature gas-cooled reactor (VHTR); and
3) it can be conducted as an all-liquid and gas-
phase process, which is a characteristic that
should give it considerable engineering advantage
over any cycle requiring solids handling.

The cycle is at this moment in the process
development phase which concentrates on chemical
investigations, bench-scale investigations, pro-
cess engineering, and containment materials eval-
ua_ions. Under a DOE contract, bench-scale inves-
tigations and the process engineering have been
carried out.

The present paper summarizes the accomplish-
ments in these two areas over FY 1977.

2. PRESENT STATUS

An extensive update on the current status of
the program has recently been given by Schuster
(Ref. 2) and we will summarize here only the
main accomplishments.

Chemical investigations have established that
the two acids formed in the main solution reac-
tion (1) do separate quickly in two distinct
phases if iodine is present in excess. A good
understand'_ng of the effect of iodine content and
temperature: on the yield of this reaction has been
obtained by defining a figure of merit (FOM). The
FOX is an appropriate measure of the energy re-
quired to recover unconverted reactants per mole
of H2SO4 net produced. FOH isothermal plots vs
initial I2/H2O are shown in Fig. 1. Thesestud-
ies have also shown that separation of the acids
improves with increasing iodine content: this

decreases the amount of back reaction after sep-
aration of the acids and is part of the reason
for the increase in net yield.

The use of phosphoric acid as an agent to
break the HI-H20 azeotrope in an extractive dis-
tillation is under investigation, and results so
far are favorable. Work on the separation of HI
from the HIX H2O phase by high pressure distil-
lation, however, has been terminated due to
unfavorable results.

Bench-scale investigations have been initia-
ted. They are an essential development phase
between small-scale laboratory experiments and
larger scale pilot plant testing. The next
section will discuss this further.

The effect of pressure on the azeotropic com-
position of H2SO4-H20 has been investigated at
pressures up to 25 bar. A shift in composition
has been found; however, the effect on the overall
process efficiency is expected to be minor.

Studies nave been conducted to survey cata-
lysts to reduce S03 to S02 in the presence of
H2O vapor (decomposed vapor of the azeotrope of
H2SO4-H20). Several prospective catalysts have
been found which allow high conversion at resi-
dence times less than 1 sec.

Studies on the catalytic decomposition of HI
at reasonably low temperatures (450-550 K) are in
progress. Several catalysts have been tested and
results so far indicate that 80% approach to
equilibrium at 525 K and 4 sec residence time is
practical.

The process engineering goal is to design a
hydrogen production process based on GA's sulfur-
iodine cycle. As heat source for the process,
GA's VHTR is assumed,* and the process design aims
at matching the process to this heat source in
both a cost efficient and energy efficient way.
By mid-1976, a full process engineering design
was completed which showed a thermal efficiency
of about 41%, defined as the ratio of the HHV of
hydrogen produced and the heat put in by the heat
source. Table 1 shows how much of the reject
heat can be attributed to each of the major steps
in the process. It is important to note that 202
of the heat put in must be rejected because of
the characteristics of the heat source itself,
this is independent of the type of thermochemical
cycle used or the way it is engineered. Further
development in this area is discussed in the next
section.

Materials investigations are directed to
screening and qualifying materials of construction
for the various process environments and supplying
engineering data on materials for design purposes.
Design of components for the process will require
stringent consideration of materials for corrosion
compatibility. In many subsystems corrosion as-
pects are complicated by high temperature. At
the current stage of process development and
conceptual design, both materials engineering and
research are being undertaken to select and screen
candidate materials for use in the fluids under
the severest predicted cycle operating conditions.

Other high temperature heat sources could also
be suitable.
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These fluids can be grouped into two categories,
H2SO4 and its decomposition products and HI phases.
Results so far have identified as potential candidate
materials Incoloy 80011 with an aluminized diffusion
coating for containment of the S0 3 decomposition at
temperatures up to 1173 K, and zirconium-base and/or
titanium-base alloys for containment of PT x at tem-
peratures from 295 K up to 475 K.

3. DOE PROGRAM FY 1978

Bench-Scale Investigations

The goal of bench-scale investigations is to
construct, test, and operate a system into which
water is fed and within which other chemicals are
cycled and H2 and 02 are produced continuously.
The only emphasis on energy efficiency at the bench
level is in general to select components of such
type that they can potentially perform efficiently
on a large scale; for instance, a cocurrent flow
reactor may bct selected over a stirred vessel.

For these investigations, the process is
broken up into three subunits which, after they
separately have proven to operate satisfactorily,
can then be linked together co operate as one water
splitting entity. The three subunits are described
below:

1. The main solution reaction subunit. In
this unit the main solution reaction (1)
is performed, the two acids H2SO4 and H1x
are separated and unreacted S02 is removed
from the HIx phase. Design and construc-
tion are complete except for the part
which degasses HIx from S02 and the S02
recycle system. Figure 2 presents the
flow diagram of the unit and Figure 3
shows a photograph of the assembly.

The iodine is delivered from either of
two 4-liter holding vessels as a liquid.
Its delivery date is measured with a mano-
meter-orifice. It eaters the reactor
above metered supplies of H2O and S02.
The combined feeds move up the entrance
tube into the reactor, where the HIx and
H2SO4 are created during the residence of
the fluids in the reactor. The required
mixing is accomplished by alternating
spiral glass vanes and the temperature
is stablized by passing a coolant in a
jacket around the midsection of the reac-
tor. The reactor effluent passes into a
gas separation chamber where excess S02
that was used to drive the fluids through
the reactor is separated from the liquid
stream and bled to a recycle system (not
yet installed). The two liquid phases
are taken from the bottom of the gas-
liquid separator and fed into a central
point in a liquid-liquid separator where
they are allowed to separate. The lighter
H2SO4 phase is drawn off the top of this
separator while the heavier HIx phase is
drawn off the bottom. Flow metering con-
trol valves adjust flow. A principal
control method is to adjust the liquid
level in the gas liquid separator to keep
the liquid below the mixed fluid injection

point but well above the liquid takeoff
point. The liquid-liquid interface in
the liquid-liquid separator does hold at
approximately 373 K at the entrance
(mid) point.

The equipment needs to be operated at
approximately 373 K for best product
yields. The iodine delivery system will
be operated at approximately 393 K to
keep the iodine as a liquid. Heating,
cooling and control systems are being in-
stalled to maintain these temperatures.

As of this writing, a cold flow test of
the system has been made using CC13-C"3
saturated with iodine as a substitute for
I2(R) and N2 as a substitue for S02. Suc-
cessful tests of the delivery systems,
flow monitoring systems, reactor flow
conditions, and separators were made at
and above design conditions. Hot, flow
tests with actual process fluids will be
made soon.

2. The sulfuric acid subunit. This unit will
concentrate sulfuric acid (eventually
received from the main solution reaction
subunit), decompose it at high temperature
(1144 K), and separate undecomposed
H2SO4, and the reaction products H2O,
S02 and 02 (see the block diagram on Fig.
4). The design of this subunit is in its
final stage and construction and testing
of it is expected early in FY 1978.

3. Hydrogen iodide subunit. This unit will
separate HI out of the lower phase pro-
duct of the main solution reaction, and
thermally decompose it into H2 and I2.
The conditions for these steps have not
yet been fixed; however, most likely
H3PO4 will be used for the HI separation
step and the HI decomposition will be done
catalytically at moderate temperatures.

Process En gi.neer.ing

The design of a flowsheet of a thermochemical
water-splitting process is not a simple straight-
forward operation. Due to the requirement to seek
a high thermodynamic efficiency the design becomes
an iterative process. This means that often an
equipment arrangement or a process condition in one
section has to be changed so as to accommodate con-
ditions in another. During the previous flowsheet-
ing for instance, it was clear that certain spe-
cific, preselected approaches could be improved
upon, but time precluded starting over on that
flowsheet to incorporate the improvements.

We are now preparing a third generation flow-
sheet of the GA process. It will incorporate
efficiency improvements found by chemistry and
will proceed into sufficient further detail to
permit estimating the major friction pressure drops
and their associated additional power requirements.
In order to possibly expedite this work and to
enable some optimization we intend to use in por-
tions of the flowsheet, the process simulator code
DESIGN/2000 from the Chemshare Corporation.
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Property data in the thermochemical. eater-splitting
area in general is scarce and not very well suited
for the application of general equations, in con-
trast, for example, with the area of petroleum re-
fining. However, we feel that DESIGN/2000 does
provide a suitable method of inserting users data
and subroutines, features which are essential to
describe some of our unit operations which are not
modeled in the code. We have now started writing
these subroutines.

Flowsheeting is still in progress= therefore,
new diagrams are not presently available. However,
the following changes over the previous flowsheet
can be indicated:

1. The main solution reaction will be opera-
ted at about 95'C and at higher iodine
content than previously. This will re-
sult in a 20% increase in yield, while
it also obviates the need for refrigera-
tion.

2. For the separation of HI from the aqueous
HIx phase a more energy efficient, ex-
tractive distillation with H3PO4 will
be used.

3. The concentration of sulfuric acid will
be done by a multiple flash evaporation
rather than by distillation. Optimiza-
tion with Chemshare is planned here.

4. In the decomposition. of H2SO4 higher
pressures will be employed in order to

allow for pressure drops. This decreases
the conversion per peas of the S03 de-
composition reaction, but it is expected
that this, at least partly, will be offset
by a considerable reduction in size of
the high temperature heat exchangers.

5. The decomposition of HI will be performed
at lower temperatures through the use
of'catalysts.
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TABLE 1
PROCESS HEAT REJECTION IN GA SULFUR IODINE CYCLE

1976 FLOwSHEET

Fraction of Process
Input Heat

Ideal Heat Rejection of Assumed HTGR Heat Source 
(a)

0.161

Primary-to-Secondary Helium Heat Exchanger AT 0.141

Heat Source-Related Reject Heat (subtotal) 0.202

Secondary Helium-to-Process Heat Exchangers AT 0.076

Internal Energy Transfer Inefficiencies (by
difference) tiO.257

Waste Heat Rejection Inefficiencies 
(a) 

(due to
transfer AT) 0.037

Process-Related Reject Heat (subtotal) ti0.370

Input Heat-Equivalent of 50 atm H2 Product Pressure .0.014(b)

Heat Recovered on Std. HHV of H 	 (The "Thermal
2

Efficiency") 0.414

Fraction of Input Heat Appearing in the H 2 Output
(subtotal.) X0.428

TOTAL	 1.000

(a)Assuming heat is rejected isothermally to the general environment at
85°F (300 K).

(b) The standard (77°F (298 K), 1 atm] higher heating value of com-
bustion of H2 is 112,940 Btu/lb-mole (68.317 kcal/g-mole) of H2, but the
process makes H2 at 50 atm, act 1 atm. This pressure has a valuable work
equivalent in it (which required input heat to generate), but there is no
uniquely preferred way to account for the pressure-to-work-to-input-heat
equivalence.
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Figure 1. Main solution reaction figure of merit for various
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AkStract

A base-case, or first-cut,fluwshe A fur IGT Cv-

cle B-1 has been completed. Calculation of the ener-

gy balance has allowed us to define thu worst problem

areas in the overall process, and optimization effort
has been directed to thew parts of the process.

Operation of the FeCI - hydrolysis at pressures suf-

ficient to interface with projected hydrogen trans-

mission lines will apparently necessitate higher hy-
drolysis temperatures. Higher pressure, however,

favors some of the critical separation steps.

The work of SChuetz and others oil

and on the thermodynamics of the HBr-1120 system is
being reviewed. Work plans for this part of tale con-

tract effort are summarized.

Task 1. Evaluation of Load-Line Efficiencies

Introduction

Cycle B-1 (1) represented by Reactions l- 4, Is

the Institute of Gas Technology's most developed

thermochemical water-splitting cycle:

3FeC1 2 + 4H2O ^ Fe 304 + 6HC1 + H 9	 (1)

and T-2. 'Thus, there is constanL r • cn'yc1 ing of two
tvpes of :a(lueous HCI streams: 	 1) the :;1_111 bottulns,
which contain I1.1 mul 	 fiCl (acutropej, and 	 2) the
rundvnser :and stripping tower cffluvnts, which .are
saturatrJ	 mul	 HCIj s1_ 298 K and l atm (101.3
kila)

Anal ysis „f the Base Cure

fable 1 indicator that the muss fluxes for the

base ,asv are t.o Iar};o. The dominant. factors are

I) aqueous 11cl Liquid streams invulved in the H 0-
IRA separation, mixed to form Stream S-24; ;and 2) the

large quantities of o:ccess steam required for Reaction

1. An enthalpy baIanco around the base-case flow-

sheet has identified the largest internal heat trans-

fer burdens. 'Ilse largest contributor to this lead is
the distillation of the large quantities of liquid

at I)-] .

Analvsis of the base-case flowsheet has identified

the two areas thaL will must benefit from intensive

enginuoring analysis. 'These are the HCI-1120 separa-

tiun scheme , and the steam-rich conditions for the

FeCl ,) hydrol.vsis (11 2-production) reaction.

Fe 304 + 8HC1 -+ 2FeC1 3 + FeCl 2 + 4H 20 (2)	 Modifications to the .-B..- se Case

2FeC1 3	2FeC12 + C12	 (3)

C1 2 + H 2O - 2HC1 + 1/2 02	 (4)

and one	 the published cycles that has been com-
pleteiy dv..-_nstrated with recycled materials (2).

This type cf demonstration is a primary part of cy-

cle development programs at IGT: Reaction operating

conditions determined in the laboratory should be
based on actual materials available from other reac-

tions in the cycle if they are to accurately reflect
process conditions.

The Base-Case Flowsheet

A large part of the process shown in Figure 1 in-

volves separations. Reactions 1, 2, and 4 produce

gaseous product streams (S-1, S-7, and S •-14) whose

primary components are H2O and HCI, which must be

separated for recycling. The HC1-rich o 1 rerhead from

D-1 (95 mol % HC1) is used as feel to Reaction 2.

The water-rich bottom is the azeotrope (11.1 mol

HCl) and is used as feed to the hydrolysis steps
(Reactions 1 and 6) and as a stripping medium at T-1

we have investi +r.ated physical adsorption and pres-

surized distillation as alternative IM-1 120 separa--
Lion schemes. ie is o • uhtful that better overall ther-

mal efficiency will be o)tained with physical absorp-

tion processes than with distillation.

Efficiency consideration aside, we have not found

an adsorbent suitable for application to highly acidic

conditions. Molec , tl.ar sieves are definitely not com-

patible with the acid nature of our HCI-H20 streams.

We. will study other absorbents including activated

carbon to determine their suitability for this appli-

cation.

Enough data has been acquired to evaluate high-

pressure distillation. At elevated pressures the
mole fraction of HC1 in the azeotrope is reduced a.,d

the heat of vaporization of H2O drops. Figure 2 1_s

a plot of mole fraction HC1 in the azeotrope as a
function of system pressure. For ex-mple, at 35 atm

(3.55 MPa) the azeotrope contains on, 3.3 mol. % HC1

as compared with 11.1 mol % at 1 atm (101.3 kPa).
In addition, the heat of vaporization of H 2O is about

75% of its value at 1 atm (101.3 kPa). Because a
more complete separation of the HCI-H20 stream is

possible at elevated pressures, high-pressure disti l

-lation reduces the required mass and heat fluxes for

the overall process.

Equilibrium Effects

Pressurized operation of ali reactions in Cycle

B-1 was studied to determine effects on equilibrium

yields. The yields from Re-action 2 are increased by

pressure. The low operating temperature (about 475 K),
however, limits to about 15 atm (1.520 MPa) the

We have prepared a base-case flowsheet for Cycle

B-1 designed to identify the portions of the process

that will benefit the most from concentrated research
and development effort. The base-case scheme was

kept as simple as possible by assuming 1) atmospher-
ic pressure reaction conditions, 2) equilibrium

yields from all reactions, and 3) 1)8 K, 1 atm

(101.3 kPa) condensed-phase separations of all HC1-H20
gas mixtu as. Figure 1 is a schematic of the flow-
sheet, and Table 1 provides a summary of the molar

flow rates based on the production of 1 gram-mole of
hydrogen.
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pressure at which the reaction may be run without

condensing the steam product. For hydrolysis of
FeCl, (Reactiun 1), the equilibrium mole fraction

of hydrugen falls off rapidly with increasing pres-
sure. However, a pruovss de-;igned to produce hydro-
gen f,,r pipeline transmission at 70 to 100 atm (7.09

to IU.13 M11a) must vield hydrogen at pressure to
ovoid capitol and energy penalties (3) for compres-

sion to transmission levels. The trade-off for op-

crating Reaction 1 at elevated pressure is shown
graphically in Figure 3, a plot of the equilibrium

H70/H ) product mole ratio versus temperature for
pressures up to IU0 atm (10.13 MPa). Since HC1 im-

purity in the feed to Reaction I is also a reaction

product, the presence of HCI impurit y lowers the

fraction of hydru};eu in the product.

Conclusions

Our engineering study of Cycle 13-1 indicate:. that

proper mudificatluns to the base-case flowsheet will

improve the most troublesome process problems. The

separation of IICI-H 20 mixtures can be made more cum-
plVte by pressurized distillation, and the effects
of producing 112 at pressure can be minimized by

higher temperatures and purer feeds. (We will use
a minimum pressure figure of ':0 atm.) These modi-

fications, however, will probably result in a pro-

ress requiring higher temperature process heat than

formerly assumed.

an oxygen-producing step that is currently being ag-
gressively developed (6, 7). It should be possible
to separate HBr relatively cleanly in Step 1 (Equa-
tion 5) because the HBr will vaporize and entrain

only small amounts of S0 2 and H2O.

No experimental work has been perfortaed as yet.
We intend to investigate electrode reactions on three

substrates as defined in the work statement. These
are:

•	 Viteous graphite

•	 Porous carbon

•	 Platinum black/platinum.

We want to define whether special requirements
in cell separation or proximity are required. We

also wish to do the electrolysis in media represen-
tative of a functianing cycle with the aim of achiev-

ing an element design that maximizes anode efficiency.

Task 3. Maximum Attainable Thermal Efficiency
of a Specific Bromine Hybrid Cycle

No work was done on this task to this time.
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Table 1. Molar Flow Rates for the Flowsheet Shown in F1 title 1

Temperature at

Stream	 Composition, mol	 Source, K	 Stream	 Composition, --Rol

S-1	 1 H,	 (g)	 11.50	 S-17	 0.50 0 Z 	 (g)

6.94 HCI (g)
3.54 H 2O (g)

S-2 3.54 Ho0 M 298
1.23	 HCI (aq)

S-3 1	 ii, (g) 298
5.71 HCI (g)

S-4 1	 Fe 304 (s) 1150

S-5 9.04 HCI (g) 333
0.48 112 0 (g)

S-6 2 FeCl 3 (S) 425
1 FeC1 2 (S)

S-7 4.48 H2O (g) 425
1.04 HCI (g)

S-8 4.48	 H ,)0 ()'.) 298
1.04 HCI (aq)

S-9 3 FeCl 2 (S) 575

S-10 1 C1 2 (g) 575

S-11 1.08 C1 2 (g) -575

S-1.2 1 H 2O (C) 298

S-13 3.27	 H ? 0 (R) 381
0.41 HCI (aq)

S-14 0.50 02 (g) 1150
0.068 C1 2 (g)
2.41 HCI (g)
7.27 H2O (g)

S-15 3.27 H2O (91) 298
1.14 HCI (aq)

S-16 0.50 02 (g) 298
0.068 C1 2 (g)
1.27 HCI (g)

0.068 C1 2 	 (g)

S-1.8
	

0.50 02	(g)

S-19
	

0.068 C1 2	(g)

S-20
	

7.79 H 2O	 (i)
2.72 HCI	 (aq)

S-21
	

11.0 H2O	 (e)
3.86 HC1	 (aq)

S-22
	

25.49 H•,0	 ('1)
8.89 1"d	 (aq)

S-23
	

36.56 H 2O	 (k)
12.76 HCI	 (aq)

S-24
	

40.09 H2O	 (Y)
13.99 HCI	 (aq)

S-25
	

39.62 H ,,0	 (9)
4.96 HC1	 (aq)

S-26
	

32.08 H2 O	 (P)
4.01 HCI	 (.aq)

S-27
	

7.54 H 2 O	 (a)
0.94 HCI	 (aq)

S-28
	

28.81 H2O	 (P.)
3.60 HCI	 (aq)

S-29
	

3.32 H 2O	 (R)
0.41 HCI	 (aq)

S-30
	

25.49 H 2 O	 (A.)
3.19 HCI	 (aq)

S-31
	

1 H 2	(g)

Temperature it
Source K

298

298

298

298

298

298

298

298

381

381

381.

381

298

298

298
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THERMOCHEHICAL HYDROGEN PRODUCTION REVIEW PANEL

James E. Funk
University of Ke"tucky
Lexington, Kentucky 40506

This project involves the establishment of a
review panel to evaluate various thermochemical
processes for the production of hydrogen from water.

Objective:

To Review and Evaluate Engineering Flow
Sheets for Various Cycles Designated by
DOE.

Areas of Concern:

1) Chemistry

2) Flow sheet and efficiency - heat
penalty analysis

3) Materials

4) Cost

First Process - Hybrid Sulfuric Acid

The Composition of the panel and the area of
responsibility for each individual are shown in
Table 1. The first meeting of the panel will be
held in Washington, D.C. on November 17, 1977.
The most recent information on the hybrid sulfuric
acid process (1), as being developed by Westing-
house, has been distributed to the panel and will
be discussed at she November 17th meeting.

A preliminary heat penalty analysis of the
process has been completed and the results are
shown in Table 2 and Figure 1. These results are
subject to change as the analysis is performed in
more detail.

(1) Farbman, G.H., and Koump, V., "Hydrogen Genera-
tion Process Final Report," FE-2262-15, prepared
for ERDA under Contract EX-76-C-01-2262,
June, 1977.
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Table 1

Thermuchemical Hydrogen Production Panel

Area of Responsibility

Douglas Benion Electrochemical steps
Electrochemical Technology Corp. in the process
3935 Leary Way, NW
Seattle, Washington 98107
206/632-5965

Kenneth E. Cox Overview of field and
University of California relative position of the
Los Alamos Scientific Lab process
P.O.	 Box 1663
Los Alamos, New Mexico 87544
505/667-7059

Jack DeVan Materials
Oak Ridge National Lab
Nuclear Division
P.O. Box X
Oak Ridge, Tennessee 37830
615/483-8611 ext.	 36891

Meng Teck Eng Overall process design
The Lummus Company and cost estimates
1515 Broad Street
Bloomfield, New Jersey 07003
201/893-2927

James E. Funk Panel chairman - heat
University of Kentucky penalty analysis
College of Engineering
Lexington, Kentucky 40506
606/257-1688

Daniel D. Perlmutter Chemical process design
Professor of Chemical Engineering and engineering
University of Pennsylvania
Towne Building/D3
Philadelphia, Pennsylvania 19104
215/243-8350
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Table 2

Preliminary Heat PenaltY_Analysis

APRIL 1976 JUNE 1977

Heat Direct Heat Direct
Penalty

Battery (3)	 MW
Cap. Cost

106 $
Penalty

MW
Cap. Cost

106 $

155 114 200G - Electrolyzer, Power	 243
Supply & Auxiliaries

H - Sulfuric Acid Vaporiza- 	 470 113 185 168
tion & Decomposition

I - SO2 Separation	 281 43 217 24

J - Power Generation 	 263 37 346 57

A - E - Heat Source 	 266 274 108 276

622(1) 970(4) 725(2)Total Heat Penalties	 1523

Ideal Heat Requirement	 1822 1820

Primary Energy Source	 3345 2790

Tm, K	 962	 1028

Process Thermal
Efficiency, %	 45	 54

(1) Mid 1974 Dollars

(2) Mid 1976 Dollars

(3) Offsites allocated to Batteries G-J
(4) Preliminary results
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THE LASL THERMOCHU11CAI, HYDROGEN PROGRAII
STATUS O,: OCTOBER '1, 1977.

Kenneth E. Cox and Melvin C. Bowman

Univerr.ity of California
Los Alamos Scientific Laboratory
Los Alamos, New Mexico 87545

Abstract

The LASL Hydrogen Program is continuing its investigation of practical schemes
to decompose water thermochemically for hydrogen production 	 Efforts were and are
being devoted to process improvements in cycles that use sulfuric acid as an inter-
mediate. Sulfuric acid-hydrogen bromide cycles are being studied as a means of over-
coming the heat penalty in drying acid solutions. An alternate approach involv-s the
use of insoluble bismuth sulfate that is precipitated from acid solution.

Preliminary energy balances indicate a significant increase in cycle efficiency
for both these options.

Introduct ion

In the development of practical thermochemical
cycles for hydrogen production from water, the ap-
proach adopted by the Los Alamos Scientific Labora-
tory has been to verify proposed cycle reaction
schemes by experiment. This verification involves
the careful determination of yields, rates and equi-
libria as well as the thermochemistry of the indi-
vidual reactions in a cycle under a wide variety of
operating conditions. After demonstration of a cy-
cle's scientific feasibility, a preliminary engi-
neering s;,alysis is attempted to evaluate cycle ef-
ficiency m i cost. Further experimentation is car-
ried out to optimize the cycle as indicated by the
above analysis. Typically, enhanced reaction yield
leads to lower internal recycle rates and thus to a
smaller energy expenditure i.nvolved in the separa-
tion of reaction products. Increase in reaction
velocity lessens residence times within a reactor
and thus contributes to lower capital cost for the
overall cycle.

If a cycle should appear promising after the
initial evaluation described, a final phase of pro-
cess development would involve a bench-scale, closed
loop test that provides data for more realistic en-
gineering evaluation and cost analyses.

Together with these activities, an attempt is
being made to match the heat requirements of the
cycle to potential heat sources which could be de-
rived from either fission, fusion or solar energy.

Much of the work done in the LASL program has
been described by members of the hydrogen group in
both publications and presentations at national and
international scientific meetings.(1-7) The pro-
gram was also recently summarized at the Thermo-
chemical Hydrogen Contractors' Review Meeting held
at DOE-HQ in October.(6)

The process development and engineering analy-
sis activities have been directed primarily to

experimental studies of reactions relevant to cycles
employing sulfuric acid as an intermediate substance.
These cycles include the sulfuric acid-hydrogen bro-
mide cycle, the hybrid sulfuric acid cycle (Westing-
house) and the sulfuric-acid-iodine cycle (General
Atomic). The rationale for this work is to avoid
the large heat penalties incurred on drying sulfuric
acid solutions. The approach taken in the case of
sulfuric acid-hydrogen bromide cycle has been to
devise means of decomposing anhydrous hydrogen bro-
mide which is produced with essentially pure sul-
furic acid in one of the cycle steps making water
evaporation unnecessary. In the work supporting the
development of the hybrid cycle and the iodine cycle,
the approach is slightly different. The use of an
insoluble, non-hydrated, metal sulfate precipitated
from sulfuric acid solutions as a means of recover-
ing sulfur trioxide (and hence sulfur dioxide) with-
out having to dry the acid is being continued. Ef-
forts have been devoted to the engineering design
and analysis of these modifications which produce
smaller heat penalties as compared to the existing
forms of the cycles. Results are an expected in-
crease in cycle efficiency.

A preliminary view of cycles having maximum re-
action temperatures in the 1500-1700 K range is being
undertaken. These temperatures may be attained in
magnetic fusion energy schemes. Magnetic fusion en-
ergy may thus incorporate thermochemical cycles in
the production of synthetic fuels.

The Sulfuric Acid-Hydrogen Bromide r,,cie

The conceptual cycle can be ..3t described by
the following reactions:

Low Temperature Heat-Rejecting Reactions

1. 2H20 + S02 + Br  - H2SO4 + 2HBr

(water absorption)
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Higa Temrcrature Heat Absorbing Reactions

2. H 2 SO 4 - S0,2 + H 2 O + 1/202
(oxygen release)

3. 2HBr - If + 
Fir  

(hydrogen release)

In practice, as reaction 3 does not proceed as
written except electrochemically, it is usual to
substitute the following sequence.

4. 2RBr x + 211Br = 2RBr (x+1) + H2

(hydrogen release)

5. 2RBr(x+1) = 2RBr x + Br 

(bromine 'regeneration)

In principle, this cycle could be more effici-
ent than the other sulfuric acid cycles under con-
sideration. Reaction I, yields nearly 100% H2SO4
rather than 50% H 2 SO 4 as formed in the other cycles.
Thus the rather large heat requirements for drying
sulfuric acid can be avoided. In addition, typi-
cal AS O values for metal bromide decompositions
are very near the value required for an "ideal"
two-step decomposition of hydrogen bromide.

A preliminary energy balance illustrates this
point further. This balance is shown in Table I.
The products of reaction 1 are H2SO 4 (liq.) and
anhydrous HBr, the AH O for HBr decomposition is
+72.8 kJ (for 2 mols of HBr); however, the AG' for
this reaction is +107.1 kJ. As Table II indicates,
it is possible to use twice or three times the
theoretical heat (of reaction) in a sulfuric acid-
hydrogen bromide cycle and still obtain a thermal
efficiency of the order of 50%.

From literature data, the VBr2-VBr3 couple and
the CrBr2-CrBr3 couple have AG O values near the val-
ue required for the efficient decomposition of liBr.
However, in both cases the reaction of HBr with the
lower bromide (to evolve 11 2) is far too slow.

Earlier, satisfactory reaction rates were dem-
onstrated for reactions involving chromium bromide
hydrates (3). Consequently, in as attempt to pro-
mote the chromium bromide reactions in the absence
of water, reactions 6 and 7 of the following se-
quence were investigated.

6. SnBt 2 (a) + 2HBr(g) = SnBr 4 (Z) + H 7 300-510 K

7. 2CrBr 2 (s) + SnBr4 M = SnBr2 (s) + 2CrBr3(s)

300-590 K

Sum: 2CrBr 2 (s) + 2HBr(g) = 2CrBr 3 (a) •f• H2

8. 2CrBr 3 (s) = 2 ; rBr2 (s) + Br 2 1173 K

e thermochemical properties of the SnBr2-
SnBr4 couple would permit it to act as an oxidation-
reduction catalyst to achieve the summation _• ea c

-tion. Reactions of HBr with mixtures eontainins
known amounts of SnBr2, CrBr2, and CrBr3 at a tem-
perature of 516 K (in the presence of palladium
black) resulted in hydrogen formation. Details of
these experiments are given in reference 5. Use of
this sequence in a practical cycle would depend on

increased reaction rates and more efficient use of
the palladium catalyst.

A second halide hydrolysis sequence was also
evaluated as a possible subcycle for HBr decomposi-
tion. The cycle is composed of reactions 9 and 1.0
in the following sequence.

9. 2CeOBr + 211 2 O - 2Ce02 + 2HBr + it

10. 2CeO 2 + 4HBr - 2CeOBr + 2H 2 0 + Br 

11. 2000Br + 41iBr	 2CeBr 3 + 2112O

Reaction 10, conducted at temperatures between
7'5 and 875 K produced a solid CeOBr phase and bro-
mine. Reaction 9, the hydrogen releasing reaction,
was studied at temperatures from 1070-1250 K in or-
der to obtain equilibrium data as well as kinetics.
In these experiments measured quantities of H2O were
passed over CeOBr at the reaction temperature and
the rate of hydre;en evolution was determined. Val-
ues of log Kpranging from -5.5 to -3.0 were obtained
over the temperature range investigated.(5) TheAll O for the cerium oxybromide hydrolysis was found
to be in the + 250 kJ region. At practical reaction
temperatures, this set of reactions for HBr decom-
position exhibits a positive AGO value. Thus they
constitute a "hybrid" cycle for HBr decomposition
in which mechanical work is used in the place of
electrical work in the more familiar electrochemical.-
thermochemical hybrid cycle. The total positive AGO
requirement will be reduced by an important AT•ASO
term, however, and .dill be significantly lower than
the room temperature AG O for HBr decomposition.

Despite the above, a successful HBr sub-cycle
has not yet been achieved, work with other compounds
is continuing.

Use of Metal Sulfates in the H SO4 Cycles

In the H2SO4 hybrid cycle (reactions (12-14)
large amounts of heat are needed to dehydrate the
sulfuric acid for the acid concentrations currently

12. SO 2 + 2H20 - H2 SO4 (aq.) + H21

electrochemical

13. H 2 SO4 (aq.) - SO  + H2O

14. S0 3 = S0 2 + 1/202

produced in reaction 12. A significant saving in
energy might be achieved by forming a suito,.:e metal
sulfate from the H 2 SO4 . The alternative hybris. cy-
cle may be represented by

12. SO2 + 2H2 0 - H2 SO4 (aq.) + H2,

electrochemical

120. H 2 SO4 + MO = MSO4 + H2O

13a. MS04 = MO + S03

14. SO 	 S02 + 1/202

The same is true for the H 2 SO4 - I 2 cycle (re-
actions 15-17)

15. 2H 20 + S02 + x I 2 - H2SO4 + 2141  (aq.)
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16. H 2 s04 - H 2O + s0 2 + 11202

17. 2HI x . x 1 2 + H2

in which sulfuric acid produced in reaction 15 and

phase separated from HIx is dehydrated prior to
thermal decomposition. The sulfate should have low
solubility and form an nnhydrous sulfate. An oxide

sulfate may replace metal. oxide in reaction 12. A

survey and assessment of the literature were made

for antimony and bismuth, both .f which satisfy the

first two criteria.

18. B1 20 3 . 3SO 3 - Bi 2 0 3 • ZSO3 + SO 

19. B1 2 03 . 2SO 3 - Bi 2 03 • S03 + S03

B12 03 . 3SO 3 decomposes with increasing temper-

ature to Su3 ana a series of oxide sulfates termi-

nating in B12O3 itself. The equilibrium S0 3 pres-

sure for reaction 18 is 1 atm at 860 K, and for re-

action 19 is 1 atm at 1050 K. Final decomposition
to form 81203 occurs at higher temperatures. The

options for generating S03 over a temperature range
that includes intermediate temperature: (in addition

to the high temperatures for S03 decomposition in

reaction 14) should be useful in achieving efficient
extraction of heat from the circulating helium gas

of a high-temperature gas-cooled nuclear reactor.

Experiments are being run to measure S03 pressure in

the 81203 S03 system.

Additional experiments are being carried out

to obtain equilibrium concentrations and rates of

reactionF fo- hismuth oxide and bismuth oxysulfate

with 'L 50 wt% sulfuric acid solutions.

A preliminary evaluation of the energy effi-

ciency of the bismuth sulfate alternate to the hy-
brid sulfuric acid cycle has been completed. The

hybrid cycle has been described in the literature.
(8) A process sensitivity study (9) using a simpli-

fied flow sheet seen in Fig. 1 illustrated the ac-
tion of process variables on the cycle's Efficiency.

Data taken from this study were used as a basis for
comparison with the modified process involving an

Insoluble bismut:l sulfate. The flow sheet for this

latter case is seen in Fig. 2. The sulfuric acid

stream leaving the electrolyzer was assumed to be
at 50 wt% concentration in both cases. An equili-

brium yield of 75% was calculated for sulfur tri-

oxide decomposition at 1100 K based on published

thermodynamic data (JANAF Tables).

Tables III and IV illustrate the potential
benefits to be gained on adopting the bismuth sul-
fate method of solution concentration. Reduction

in the heat requirements for the acid concentration
step as well as for the acid decomposition step

show a potential gain of 12% in efficiency.

Future Research

In the LASL hydrogen program, we will continue
to test reactions in cycles that are potentially

suitable for different heat-source temperatures that

also appear reasonable from the point of view of

thermcchemistry. From our laboratory experience.

it is increasingly apparent that the most attractive
cycles are usually impractical because of slow re-

action rates for the iow-temperature steps.

One method of improving kinetics fs to utilize
solution chemistry for low-temperature s p ars. We

plan to examine more closely solution chemistry

a method for promoting otherwise attractive cycles.
We also hope to identify and incorporate precipita-

tion reactions in order to minimize solution-drying
operations. We hope the use of solution reactions

will also give added flexibility and lead to-the
discovery of cycles that are less corrosive.

The preparation of flowsheets, together with

engineering design activities, is continuing for the
modified sulfuric acid cycles. Irreversibility

analysis is being applied to these problems as well

as the problem of gas separations with suppo..t in

this area being given to the DOE Thermochemical Re-
view Committee under the direction of Dr. J. E.
Funk.

Thermochemical cycles capable of utilizing
heat at high temperatures (1500-1700 K) are being

investigated. These cycles, containing two or three
steps, and involving perhaps an oxide or a sulfate

decomposition, may be a means of producing a syn-
thetic fuel (hydrogen) from magnetic fusion energy.
Scoping studies and a few preliminary experiments

are envisioned at this time. This work should also

be applicable to high temperature heat derived from
solar energy.
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TABLE I

HEAT BALANCE FOR THE SULFURIC-ACID
HYDROGEN BROMIDE CYCLE

(Units - Wool H2)

Heat	 Heat
Step	 Requirement	 Available

I. H2SO4 (1)	 47

Heating

2. H2SO4	56

Vaporization

3. H2SO4 (g)	 167

Heating

4. H2SO4	231

Decomposition
(1100 K)

5. Products Cooling	 96

6. So3 /so 2/02	126

Separation

7. SO2 /Br 2 /H20	 18*

Reaction

8. HBr	 73 (Theor.)
597	 114

Decomposition

Heat not available for matching

TABLE II

ESTIMATED EFFICIENCIES FOR THE SULFURIC ACID-
HYDROGEN BROMIDE CYCLE

Basis:	 (1,2,3,) x Heat of Reaction,
HBr Decomposition

(Units - kJ/mol H2)

Efficiency 1	 -	 286	 - 0.59
524 + 73 - 114

Efficiency 2	 -	 286	 - 0.51
524 + 2(73) - 114

Efficiency 3	 -	 286	 - 0.45
524 + 3(73) - 114

TABLE III

HEAT BALANCE FOR HYBRID SULFURIC ACID CYCLE

(Units - kJ/mol H2 Produced)

Power Heat Heat
Step (Heat Eq.) Required Available

1. Electrolysis 42(126) 42a

2. Acid 648
Vaporization

3. Acid 314
Heating

4. Acid 285
Decomposition

5. Ac'.. 305
Cooling

6. Acid 402
Condensation

7. Steam 264a
Condensation

8. S02 /SO 3/02 42(126)

Separation

84(252)	 1247 707 306a

286

Efficiency -252 + 1247 - 707 - 0.361

aHeat unavailable for matching.

TABLE IV

HEAT BALANCE FOR BISMUTH SULFATE MODIFIED HYBRID
SULFURIC ACID CYCLE

(Units - kJ/mol H2 Produced)

Power	 Heat	 Heat
Step	 (Heat Eq.) Required Available

1. Electrolysis	 42(126)	 42a

2. Bismuth Sulfate	 13-26a
Formation

3. Bismuth Sulfate	 167-251
Decomposition	 (estimated)

4. S03	96
Decomposition

5. SO3 /SO 2/02	42(126)

Separarion

84(252)	 263-347 55-68a

286

Efficiency - 599 (max) - 0.478

a Heat unavailable for matching.
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REVISED FLOWSHEET AND PROCESS DESIGd

FOR THE ZNSE THERMOCHEMICAL CYCLE "

Oscar H. Krikorian and Henry H. Otsuki

Lawrence Livermore Laboratory
Livermore, CA

Abstract

We have completed a preliminary process
design, flowsheet, and an economic analysis
of an improved version of the Zn3e cycle
for hydrogen production. The amount of
ZrISO 4 that needs to be decomposed at high
temperatures has been reduced by a factor
of 2 in this revised cycle, thereby both
lowering overall heat requirements and
spreading out the prime heat required over
a broader temperature rang y than before.
Corresponding improvements have been
achieved in both cycle efficiency and equip-
ment costs. Assuming a VHTR nuclear
reactor heat source and incorporating
special equipment designs for critical
steps in the cycle, we nc • )btain an
overa)i cycle of iciency of about 40% and a
hydrogen production cost of about $13/GJ.
We believe that this cost is conser.,ative
at this point of cycle development because
the input data on reaction rates and equip-
ment lifetimes have been conservative, and
the analysis has not been opti-ized.

Work performed under the auspices of the
U.S. Department of Energy under contract
No. W-7450•-Eng-48.
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I. INTRODUCTION

During the past three years, under
funding provided by the DOE Division of
Basic Energy Sciences, we have established
scientific feasibility and have conducted
both exploratory (1) and some detailed chem-
ical experimentation (2) on a ZnSe cycle.
More recently, under funding by the DOE
Division of Energy Storage Systems, we
expanded our studies to include the process
design, flowsheeting, and economic analysis
of the ZnSe cycle. This latter study was
concluded at the end of FY-1977, and we re-
port here our findings.

II. CYCLE CHEMISTRY

Until recently, the ZnSe cycle was devel-
oped on the basis of the following major
reaction steps:

The modified version of the ZnSe cycle,
the one that we will be reporting on here,
is described by the following major reac-
tion steps:

(1) 2ZnO + Se(1) + SO2(g) 8- 00 K 
ZnSe

+ ZnSO4

(2) ZnSe + 2HC1(aq) 35- 0 K ZnC12(aq)

+ H2Se(g)

(3) ZnC12 (1) + H2 O(g) 900 K ZnO + 2HC1(g)

(4) ZnSO4 1200 K ZnO + S0 2 (g) + 2 02(g)
(5) H2 Se(g) 75 0_K Se(1) + H2(g)

2ZnO + Se(1) + S02 (g)800 
K ZnSe + ZnSO4

ZnSe + 2HC1(g) 350 K ZnCl 2 (aq) + H2Se(g)

ZnC1 2 (aq) + SO 3 (g) + H2O(1) 400 K 
ZnSO4

+ 2HC1(g )

2ZnSO4 1200 K 2ZnO + SO2 (g) + S03(g)

+ 2 02(g)
H2Se(g) 75

75-0 Se(1) + H2(g)

All but the ZnSO 4 decomposition step are
exothermic, and the ideal thermal efficien-
cy for the cycle is 49%. This cycle has
several inherent advantages. Laboratory
experimentation has shown that each of the
steps clearly works. Reaction rates are
fast (about 5 to 15 min.), conversions are
high and free of undesirable by-products,
and there is little separative work. In
particular, the H 2 generation step (decom-
position of H 2 Se) gives far higher yields,
i.e. 60% decomposition in 5 minutes at
750 K, than analogous steps in other cycles
that depend upon decomposition of gases
such as H 2S, HI, HBr, and HC1. An engi-
neering disadvantage of this cycle is that
most of the primary heat requirement is for
decomposition of ZnSO 4 , and is needed over
a narrow temperature range. This small tem-
perature differential makes it difficult to
efficiently transfer heat out of a nuclear
reactor. In view of this, the cycle has
recently been modified to convert ZnC12
directly to ZnO. This has halved the
amount of ZnSO 4 • In the modified version
we not only spread the primary heat input
over a broader temperature range, but also
increase the ideal thermal efficiency of
the cycle.

The detailed heat balances for these and
other reaction steps needed to close the
cycle are summarized in Table 1. The sta-
tus of the chemistry of these reactions
will be reviewed next.

A. The ZnO/Se/SO2 Reaction

Reaction (1) takes about 15 minutes for
completion at 800 K with S0 2 pressures of
^500 kPa (-5 atm) and gives yields ranging
from 60 to 95%. The yield depends
primarily on the intimacy of mixing of ZnO
and Se. The reaction rate is accelerated
by either increasing the temperature or S02
pressure. The reaction appears to be free
of side reactions at temperatures above
-720 K. Additional work is yet needed to
identify the mechanism of the reaction and
to better define the reaction parameters.
We believe that significant increases in
reaction rates and yields are achievable.

B. The ZnSe/HC1 Reaction

We have found in small batch-type exper-
iments that ZnSe in reaction (2) is rapidly
hydrolyzed (-95% yield in 5 min.) by either
dilute or concentrated aqueous HC1 solu-
tions. We have also learned that more of
the ZnSO4 produced from reaction (1) must
be separated from ZnSe prior to hydrolysis
since high concentrations of sulfate in
acidic solution would oxidize Se 2 to Se.

C. The ZnC1 2/H20 Reaction

Thermodynamic calculations based upon
literature data (Wagman (3), Kelley (4),
Cubiciotti (5)) indicate that reasonable
yields of HC1(g) are to be expected for
reaction (3) at about 900-1000 K by
reacting steam with molten ZnC1 21 i.e.,
(P HCl )2/PH2O = 3 kPa (0.03 atm) at 900 K

and 13 kPa (0.13 atm) at 1000 K. We have
recently carried out exploratory transpi-
ration experiments to obtain approximate
rate and yield data. In these experiments,
a carrier gas, N21 saturated with H20(g)
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near room temperature, was bubbled through
molten ZnC1 2 with a contact time of a few
seconds. The unreacted H 20(g) was absorbed
by an in-line Mg(Cl0 4 ) 2 trap. Product
HCl(g) was collected, its volume measured,
and its purity determined by infrared anal-
ysis. Results of these experiments indi-
nate that equilibrium is readily attained
at temperatures above 800 K.

D. The ZnSO4 Decomposition Reaction

Although substantial literature exists
on reaction (4) (Stern (6)), the literature
work is not directly applicable to this
cycle. Heat and mass transfer effects limit
the interpretation of the literature work,
both in regard to equilibrium and kinetic
data. The decomposition of ZnSO4 appears
to occur in two stages. Initially, ZnSO4
is decomposed to an oxysulfate, probably
Zn0 . 2ZnSO40 which then further decomposes
to ZnO. An equilibrium decomposition pres-
sure of one atmosphere is expected at
1160 K, with an S0 2 /SO 3 molar ratio of

-6/1. Consequently, conversion of S0 3 to
S0 2 is also required to close our cycle.
We plan to study the decomposition rate of
ZnSO 4 under conditions that are not heat or
mass transfer limited.

E. The H2Se Decomposition Reaction

We have recently studied the kinetics of
thermal decomposition of H 2Se, reaction (5),
in the temperature range 673-748 K (see
Fig. 1), and expect to publish the details
of this work in the near future. The ki-
netics of decomposition are quite rapid
above 750 K, but yields per pass are lim-
ited to -60% at the higher temperatures. If
a suitable catalyst can be found, we will
operate at a lower temperature where higher
yields can be obtained because of the more
favorable equilibrium constant. Decom-
position of H2Se is exothermic at all tem-
peratures of interest.

III. PROCESS DESIGN

The ZnSe thermochemical cycle for hydro-
gen production has been studied in the lab-
oratory and has been shown to be scientifi-
cally feasible. The key reaction step in
the cycle is the reaction of solid ZnO with
liquid selenium and gaseous S02 , reaction
(1), to produce a mixture of ZnSe and ZnSO4.
This is followed by hydrolysis of ZnSe to
yield H 2 Se, reaction (2). The remaining
reactions -n the cycle are those used to
generate hydrogen and oxygen and to regen-
erate the starting materials.

A simplified flow diagram (shown in
Fig. 2) was used to develop the process
flow. Only the principal unit operations
in each of the batteries are identified.
Detailed descriptions of each of the bat-
teries are given below.

A. Battery A

iments have shown us that this reaction
will go to near completion in about
15 minutes at 809 K under an S02 pressure
of about 500 kPa (5 atm) when ZnO and sele-
nium are intimately mixed. To ensure that
each ZnO particle is surrounded by selenium,
we will use excess selenium in this step.
The reaction is exothermic (-161 kJ per
mole of selenium reacted) and liberates
substantial heat for other process use.
The major equipment in Battery  is a high
temperature reactor equipped with a heat
exchanger. The reactants, ZnO and selenium,
are premixed in the injector/extruder
system prior to introduction to the reac-
tion chamber (see Fig. 3). Sulfur dioxide
is maintain,l at 500 kPa pressure in the
reaction nhamber at all times to ensure a
rapid reaction rate. The product ZnSe/ZnSO4
with excess selenium is collected at the
bottom of the reactor and screw conveyed
out. Loss of S0 2 pressure through the
screw conveyer is minimized by maintaining
a balancing pressure of steam at the outlet
to the conveyer. The ZnSe/ZnSO 4 /Se mixture
is picked up and transported to Battery B
in a stream of superheated steam (T
450 K). Flow rate of the steam is con-

trolled to deliver the ZnSe/ZnSO4/Se
mixture to Battery B at about 525 K.

B. Battery B

This battery is designed to separate
ZnSO 4 from ZnSe by hot water leach prior to
ZnSe hydrolysis. Solubility of ZnSO40H20
is temperature dependent. It is at its max-
imum at 325 K and decreases rapidly with
increasing temperature. According to
Von G. Bruhn (7), above 525 K, ZnSO4-H2O
can be considered insoluble (see Fig. 4).
The integral heat of solution of ZnSO 4 is
quite substantial. The heat of formation
of ZnSO 4 - H 2 0 is -79.8 kJ/mol and the heat
of solution of ZnSO 4 -H 2 O in 14 H 2 O is
-35.3 kJ/mol for a total of -115.1 kJ/mol.

In setting up Battery B we assigned high
priority to recovering as much of the hy-
dration heat as possible for other process
use. Water and anhydrous ZnSO 4 are con-
tacted at 525 K to form ZnSO 4 -H2 O without
solution formation. The heat of formation
of the monohydrate goes to generate steam
at 525 K. Sufficient water is added to the
resultant ZnSO 4 -H20/ZnSe/Se slurry to form
a saturated ZnSO 4 solution at 325 K, and
excess heat is removed through a heat ex-
changer. The insoluble ZnSe/Se is sepa-
rated and transported to Battery C for
hydrolysis. The saturated solution of
ZnSO 4 -H2O is then reheated to 525 K to pre-
cipitate and recover ZnSO 4 -H 2O 1 which is
subsequentl y dehydrated in a rotary kiln.
Anhydrous ZnSO 4 is directed to Battery F
for decomposition. Steam generated in the
dehydrater is used for process heat before
it is returned to the hydrater, thus recov-
ering a portion of the heat of dehydration.

C. Battery C

The principle function of Battery A is 	 Hydrolysis of ZnSe.is performed in
to carry out reaction (1), 2ZnO + Se(1)	 Battery C. The reaction is: ZnSe(s)
+ S0 2 (g) = ZnSe + ZnSO 4 . Laboratory exper- + 2HC1(aq) = ZnC1 2 (aq) + H 2Se(g). Hydroly-
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sis is rapid in both dilute and concen-
trated aqueous HCl solution. To minimize
evaporative heat load in the later ZnC12
recovery step, we've selected concentrated
HCl (about 15-20 y ) for our hydrolysis reac-
tion. If the hydrolysis operation were to
be conducted in a conventional stirred tank
reactor in concentrated HCl solution, the
product gas, H2Se, would entrain large quan-
tities of HU (about 250 and present a dif-
ficult separation problem. We have, there-
fore, designed a hydrolyzes column (shown
in Fig. 5) in which H 2 Se gas can be gen-
erated relatively free of HC1. ZnSe parti-
cles are introduced high in the column and
allowed to migrate down through a
packed region and react with HCl to
generate H 2 Se. H 2 Se, being insoluble in
water, will .form tiny bubbles, which coa-
lesce and rise to the surface. Bubbles as
they form would still contain about 25% HCl
gas. However, much of the HCl will be
extracted as the bubbles encounter less
concentrated HC1 solution during their as-
cent to the surface. Traces of HC1 still
remaining with the product gas are scrubbed
in a water spray tower before H 2Se is piped
to Battery E for decomposition. The HC1
consumed in the hydrolysis reaction is fed
in the primary reaction zone.

Other equipment items in Battery C are
filters, an e vaporator, and a crystallizer.
Excess selenium is separated from ZnC12
solution via filtration and returned to
Battery A. The ZnC 2 solution is sent to
the evaporator where it is concentrated and
on to the eiistallizer, where the solution
is cooled to —300 K. The ZnC1 2 precipitate
is separated and sent to Battery D for ZnO
regeneration. Liquid is recycled back to
the evaporator.

D. Battery D

Battery D's main function is to regener-
ate ZnO from ZnC1 2 formed in Battery C.
Zinc chloride is first dried, then trans-
ferred to a high temperature hydrolyzer
where molten ZnC1 2 is reacted with steam to
yield MOW and HC1(g) (reaction tempera-
ture is about 900 K). Solid ZnO is separ-
ated from molten ZnC1 2 (any ZnC1 2 adhering
to ZnO particles is removed by further reac-
tion with steam) and returned to Battery A
where it joins ZnO from Battery F to start
the cycle over again.

The HCl/H20 stream from the high temper-
ature hydrolyzer goes to the distillation
unit in Battery C for fractionation. The
concentrated HC1(aq) stream goes to the
ZnSe hydrolyzer, while a near azeotropic
mixture from the reboiler goes back to the
high temperature ZnC1 2 hydrolyzer.

E. Battery E

In Battery E we decompose H 2 Se to its
constituent H 2 and selenium. The decom-
position reaction is exothermic and pro-
ceeds rapidly at temperatures above —550 K.
At 750 K, our proposed operating tempera-
ture, decomposition is 60% complete in

5 minutes, which necessitates recycle of
undecompoced H 2 Se. Separation of the
H2 Se-H2 mixtures is accomplished by pres-
surization and cooling to 100 K. The
hydrogen product stream is scrubbed free of
H2 Se (for toxicity reasons) and compressed
to 3 MPa (30 atmosphere) for pipeline or
chemical feedstock use. Liquid selenium is
recycled to Battery A to complete the sele-
nium part of the cycle.

F. Battery F

Battery F is where we perform the high-
tempez•ature thermal decomposition of ZnSO4.
Since ZnSO 4 decomposition is an endothermic
reaction requiring some 309 kJ/mol of
ZnSO 49 the decomposition reactor is pro-
vided with primary process heat from the
VHTR via a high pressure high temperature
helium stream. Another major equipment
item in this battery is the cyclone separ-
ator used to separate ZnO particulates from
the gaseous decomposition products.

The number of moles of ZnSO 4 decomposed
per mole of hydrogen produced have been re-
duced from two to one in the current modi-
fied cycle, the second mole of ZnO being
regenerated through direct hydrolysis of
ZnC1 2 in Battery D. Although this re-
duction eases the problem, ZnSO 4 decompo-
sition remains one of the critical process
steps, and we have given considerable
thought, not only to the design, but also
on heat transfer and kinetic aspects of the
process.

We have examined t5e experimental re-
sults reported by Pechkovskii (3,9) on the
decomposition rate of ZnSO 4 in a stream of
air as a function of temperature and be-
lieve that the decomposition rate he reports
is governed by heat transfer to the decom-
posing particles. Radiation is the dom-
inant mode of.heat transfer at temperatures
greater than 1000 K. Therefore, if the
ZnSO 4 particles were dispersed, heat trans-
fer would not be limiting, and we believe
total decomposition can be achieved in
times much less than 1 minute at —1160 K.
We plan to verify this experimentally, but
assuming it for now, we visualize the fol-
lowing process. ZnSO 4 particles (100-200 pm
in size and preheated to 1000 K) are drop-
ped through the decomposer, get heated rap-
idly via radiation heat transfer to -1160 K,
decompose, and emerge as ZnO. The heat
transfer tube surfaces are coated with
catalyst to assure that S02/S03/02
equilibrium is established. ZnO, separated
from the decomposition gases, is sent on
its way to Battery A to start the cycle
over again, while the gaseous decomposition
product goes to Battery G for processing.

G. Battery G

Battery G provides for separation of the
S0 2 /SO 3 /0 2 mixture obtained from the ZnSO4
decomposition. Design of the separation
plant resembles that of the Westinghouse
Sulfur Cycle, which requires a similar sep-
aration, Farbman (10). Sulfur dioxide and
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SO 3 are separated from 0 2 by compression
and cryogenic cooling. Refrigeration is
provided by an NH 3 refrigerator and from
the cold (172 K) 0 2 produced through adia-
batic expansion of compressed 0 2 prior to
venting. The SO 2 -SO S fractionation is
accomplished by simple distillation. The
SO 9 stream is heated and passed through a
catalytic converter at 1200 K, which decom-
poses SO 3 to SO 2 and 0 2 . The equilibrium
mixture joins the gas stream from Battery F
for further separation. The SO 2 stream is
evaporated and returned to Battery A under
pressure to complete the cycle.

IV. PROCESS THERMAL EFFICIENCY

The major endothermic and exotherm:=
heat loads of the ZnSe cycle are shown in
Table 1. It is very important from an ef-
ficiency standpoint to match process heat
requirements with the available heat from
exothermic steps in the cycle. Major pro-
cess power requirements for the cycle are
also listed in Table 1. We have assumed
an efficiency of 34% for thermal to elec-
trical conversioi..

Although one mole of ZnSO 4 is decomposed
per mole of hydrogen produced in the im-
proved cycle as compared 'co two moles in the
original ZnSe cycle, the decomposition step
of Battery F still represents the largest
single heat/energy consumer of the cycle at
399 kJ/mol of H 2 produced. Prime heat of
329 kJ/mol at 1200 K is required for ZnSO4
decomposition, and an additional 70 kJ/mol
is needed for electrical power to drive the
compressors which circulate the heat trans-
fer fluid, helium. Battery D is the next
largest energy consumer. It requires
234 kJ/mol of H 2 produced. The high tem-
perature ZnC1 2 hydrolysis step requires
215 kJ/mol also of prime heat, 'uut at 900 K.
The balance of the heat requirement,
18.8 kJ/mol, goes toward preheating ZnC12.
The HC1-H 2 O evaporator in Battery C is the
other large heat consumer requiring some
207 kJ/mol of recovered process heat.
Since little of the latent heat of evapo-
ration of HC1-H 2 O can be recovered for
reuse due to low temperature, it is ex-
tremely important to minimize the amount of
HC1-H 2 0 that has to be evaporated in the
ZnC1 2 recovery. The net energy require-
ments in Battery E and G are for separative
work and for compressing the product hy-
drogen to 3 MPa (30 atm) for pipeline or
feedstock use.

The overall energy input to produce 1 mol
of hydrogen for delivery at 3 MPa via the
ZnSe cycle is 678.6 kJ. Using the higher
heating value for hydrogen of 286 kJ/mol we
estimate our overall efficiency as 42%.

V. HYDROGEN PRODUCTION COST

For the purpose of the economic analysis,
the ZnSe thermochemical hydrogen production
plant was assumed to use process heat at
1200 K from a VHTR nuclear reactor, and the
hydrogen production rate was fixed at
27.3 Mg (60,000 pounds) of hydrogen per

hour to set the plant size. Thus, when
operating for 7000 hours a year (capacity
factor of 80$), this plant will produce
2.12 x 10 9 standard cubic meters of hy-
drogen per year. Costs are based on mid-
1976 dollars. An additional constraint set
for the plant design was that all equipment
items in the plant would be rail transpor-
table, i.e., no more than 3.6 m (12 feet) in
diameter for process equipment. Appropri-
ate numbers of each item are used to meet the
load demand for each process step.

Since we are at an early stage in our
process development, at a stage where we
are still developing conceptual designs for
process equipment, we have not yet opti-
mized our process. Process optimization is
an important first step in obtaining
meaningful cost analysis. This is
particularly true for thermochemical
methods, which are very sensitive to in-
ternal heat matching. Our cost figures here
will, therefore, be tentative and conserva-
tive.

Costs of the individual batteries (see
Table 2) are based on conventional engi-
neering estimation practice. Costs of major
equipment items in each battery were summed,
then increased by 105% of the equipment cost
for costs of structures, installation,
plumbing, insulation, and instrumentation.
The total plant cost is estimated to be
855 x 10 6 $, and allowing for contingencies
and indirect costs, gives a total capital
investiment of 1.228 x 10 9 $. The annual
operating cost is placed at 280 x 106$,
i.e., about 23% of the capital cost assuming
major equipment lifetimes to be between 10
and 20 years. The cost of hydrogen, exclu-
sive of nuclear heat cost, is $0.124/m 3 or
$9.86/GJ ($10.40/10 6 BTU) based on a heating
value of hydrogen of 12.9 MJ/m3.

Accepting the cost figure of 443.6
X 10 6 $ for the 3426-MW thermal VHTR derived
by Westinghouse Electric Corporation,
Farbman (10) and adjusting to 1976$ by
escalating the cost 17%, we have 519 x 106$

for the capital cost of the reactor. With
an annual fixed charge rate of 15% for
utility ownership (77.8 x 10 6 $) plus nuclear
fuel costs of 21 x 10 6 $, and operation and
maintenance costs of 6 x 10 6 $, we have an
annual reactor operating cost of 104.8
X 10 6 $. The cost of process heat at the
reactor is about $1.24/GJ ($1.30/10 6 BTU)
based on an 80% capacity factor.

For a hydrogen production rate of
27.3 Mg/h and thermal efficiency of 42%,
the nuclear heat requirement is actually
2430 MW thermal. We will assume the same
unit heat cost for the 2430 MW as for the
3426 MW thermal reactor. This translates
to about $2.94/CJ ($3.10/10 6 BTU) of pro-
duced hydrogen, and an overall hydrogen
cost of $12.80/GJ ($13.50/10 6 BTU).

VI. CONCLUSION AND SUMMARY

All thermochemical hydrogen cycles con-
tain at least one high temperature endo-
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thermic step, and the ZnSe cycle is no
exception. The high temper^lure step in
the ZnSe cycle is the decc:^pGosition of
ZnSO 4 at 1160 K.

In the modified cycle we have reduced
the amount of ZnSO 4 to be decomposed from
2 moles per mole of hydrogen produced to
1 mot. The second mole of ZnO is regener-
ated through direct hydrolysis of ZnC1 2 at
900 K. This improves the cycle in two
ways:

3. Wagman, D. D., et al., "Selected Values
of Chemical Thermodynamic Properties,
Tables for the First 34 Elements in the
Standard Order of Arrangement," National
Bureau of Standards, Technical Note 270-3
(1968).

4. Kelley, K. K., "Contributions to the Data
on Theoretical Metallurgy, XIII. High-
Temperature Heat-Content, Heat Capacity,
and Entropy Data for the Elements and
Inorganic Compounds," Bureau of Mines
Bull. 584 (1960).

(1) it extends the temperature range over
which the prime heat is delivered, and 5. Cubicciotti, D. and Eding, H., "Heat

Contents of Molten Zinc Chloride and
.(2) it improves the ideal thermal efficiency 	 Bromide and the Molecular Constants of

of the cycle from 49 to about 63%. 	 the Gases," J. Chem. Phys. 4, 978 (1964).

With equipment specifically and innova-
tively designed for each process step, we
can perform difficult cycle operations with
a minimum of processing problems, and con-
serve heat for reuse in other process steps.
We have achieved a thermal efficiency of 42%
in the current design, with prospects for
further improvement through process optimi-
zation. Laboratory investigations of reac-
tion rates and yields, and development of
alternative chemical approaches are needed
to attain this optimization. Furthermore,
with new developments in high temperature
materials and fabrication techniques in the
future, we might realize greater than the
10 to 20 year plant equipment life which
was assumed, with a corresponding reduction
in hydrogen production cost.

VII. REFERENCES

1. Dreyfuss, R. M. and Krikorian, 0. H.,
"Exploration of a Selenium-Based Cycle
for the Thermochemical Production of
Hydrogen from Water," Lawrence Livermore
Laboratory Report UCRL-51741, Feb. 1975.

2. Pearson, R. K., et al., "Reactions in the
ZnSe Thermochemical Cycle for Hydrogen
Production," Ind. Eng. Chem. Prod. Res.
Dev., 16, 73 (1977).

6. Stern, K. H. and Weise, E. L., "High
Temperature Properties and Decomposition
of Inorganic Salts, Part I. Sulfates,"
National Standard Reference Data Series,
National Pureau of Standards, NSRDS-NBS-7
(1966).

7. Bruhn, Von G., et al., "Untersuchungen
fiber die Liislichkeiten von Salzen and
Gasen in Wasser and wassrigen Losungen
bei Temperaturen oberhalb 100 °C," Z. fur
anorgan. allgem. chemie, 337, 68 (1965).

8. Pechkovskii, V. V., "Thermochemical
Decomposition of Zinc Sulfate," J^Inor gan .
Chem. USSR (English translation)-1-1--4-67-ranslation) 11— 1467-
(1957).

9. Pechkovskii, V. V., "Decomposition of Zinc
and Cobalt Sulfates in Current of Sulfur
Dioxide and Air," J. Appl. Chem. USSR
(English translation 31, 1130 (1958).

10. Farbman, G. H., "The Conceptual Design
of an Integrated Nuclear Hydrogen
Production Plant Using Sulfur Cycle
Water Decomposition System," Westinghouse
Electric Corporation Report NASA-CR-
134976 (1976).

98



Table 1. Process energy balance.

rower
(heat equiv.),	 Heat req't,	 Heat avail.,

Battery	 Process step	 kJ/mol H2	kJ/mol H2	kJ/mol H2

A	 Selenium preheater	 8.9 @ 725 K
ZnSe/ZnSO4 generator	 166.1 @ 775 K
Sensible heat of products 	 52.0 @ 525 K
Injector/extruder power 	 1.0

B ZnSO4•H2O former 35.8 @ 525 K
ZnSO 4 solution heater 30.1 @ 525 K
ZnSO 4 9 H 2 0 dehydrator 79.4 @ 525 K
Steam 40.6 @ 500 K

C HCl-H20 evaporator 207.1 @ 400 k

D ZnC12 preheater 18.8 @ 550 K
ZnC1 2 -Steam hydrolyzer 150.0 @ 900 K
HCl-H2 0 superheater 65.3 @ 900 K

E H2Se decomposer 16.3 @ 700 K
H2 -H 2 Se separator 22.9 @ 550 K
H2 product compressor 30.1

F ZnSO4 decomposer 329.0 @ 1200 K
He heater transfer

fluid circulator 70.0

G S02-SOS-02 process power 51.5
Steam 67.8 @ 600 K
S0 2 -S0 9 -0 2 separator 77.F:,
Turbo expander 10.4 @ 1000 K 49.3

Total 230.4 899.0 450.8

Net nuclear heat requirement = 230.4 + 899.0 - 450.8 = 678.6 kJ/mol H2

Thermal efficiency (ri) = 285.8;678.6 = 0.421

Table 2. H2 production plant cost (1976$).

Plant size is 27.3 Mg H2/h
(60,000 lbs.	 H2/h).

Battery Operations 106$*

A ZnSe/ZnSO4 generation 20.0
B ZnSO4 separation 152.0
C ZnSe hydrolysis 141.0
D ZnC12 conversion 215.0
E H2Se decomposition 24.0
F ZnSO4 decomposition 218.0
G S02/S02/02 separation 63.0

Off-site
General 7.0
Off-site
Direct 15.0

855.0

Including 105$ for structures, installa-
tion, etc.
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STATUS OF EUROPEAN THERMOCHEMICAL HYDROGEN PROGRAMS

Melvin G. Bowman

University of California
Los Alamos Scientific Laboratory

Los Alamos, New Mexico 87545

Abstract

An invited paper on Thermochemical Hydrogen Production was
presented at an International Symposium on Energy Sources and
Development held in Barcelona, Spain, October 19-21, 1977. Visits
were then made to the following European Laboratories engaged in
thermochemical hydrogen research: (1) The Euratom Central Research
Center, Ispra, Ital . (2) The Center for Nuclear Research at
Saclay, France. (3^ The Rheinisch-Westfalische Hochschule in
Aachen, Germany. (4) The Julich Nuclear Research Center at Julich,
Germany.

The visits to the listed laboratories were primarily to learn
the scope of the different programs and the general areas of informa-
tion expected to be made available under the recently signed Inter,
national Energy Agency Implementing Agreement on the Production of
Hydrogen from Water. From observations made during these visits, the
following conclusions were reached: (1) It is clear that the
Europeans are directing their efforts towards relatively short term
development of better methods for the production and utilization of
hydrogen. (2) The European effort on thermochemical hydrogen research
and development is significantly greater than the total of U.S. programs.
(3) It will be advantageous for the United States to cooperate in
information exchange activities under the Y.E.A.

The description of the different visits is given in the format of
a trip report.

The Barcelona Meetinu

Abstracts of papers were distributed to partic-
ipants. Complete texts of papers will be published
in the "Proceedings" of the Symposium. This should
be available by Ilarch 1, 1978. The executive secre-
tary for the symposium was Dr. J. Plana, Banco
Urquijo, Servicio de Estudios, Paseo de Gracia, 27
Barcelona 7 Spain.

The organizers of the symposium expressed the
hopethat it might lead to a Spain-U.S. exchange
with meetings held in alternate years in Spain and
the U.S. Informal discussions were held on Saturday,
Oct. 21, 1977 to consider the possible meeting in
the U.S. next year. No actual decisions were
reached and further discussions will be held during
visits of Spanish scientists to the U.S. in 1978.

The Ispra Visit

I presented a seminar at the Ispra Laboratory
and summarized progress in U.S. programs on

thermochemical hydrogen production. Achievements
and capabilities were described and it was stated
that the large volume of specific information and
experimental details would be available under the
information exchange program.

I toured the experimental facilities at Ispra
nd I was impressed by the progress made in their
programs. For the most part, I did not probe for
details and data not included in the presentations.
However, it is clear that valuable data and informa-
tion will be included in reports and working papers
that will be available under the information exchange
agreement.

Essentially all of the Ispra work is concerned
with three cycles. These are: (1) the sulfuric
acid-hydrogen iodide cycle (this is the General
Atomic Prime Cycle that Ispra has named Mark 16),
(2) the sulfuric acid hybrid cycle (named Mark 11
by Ispra),and (3) the sulfuric acid-hydrogen bromide
hybrid cycle (called Mark 13). This last cycle has
been chosen for their "closed circuit" experiment.
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It may be described by the reactions:

I. Br (22) + S02 + 2H20-h2SO4 + 2HBr(g)

II. H2504 ^ H2O + S02 + 112 02 (high temperature)

III. 2HBr » H2 (g) + Br2(t) (electrolysis)

There seems to be a group of 4-5 people working
on each of the first two reactions. There are two
groups working on the third reaction. One of these
groups is designated "physical chemistry" and is
concerned with developing the data base on electrode
materials, electrode catalysts, and voltage versus
current density curves as functions of temperature
i.nd pressure. The second group is developing bi-
polar cells and associated equipment in preparation
for the closed circuit experiment. I was told tat
they have achieved a current density of 2000 A/m
at a col t voltage of 0.75 V for reaction III using
graphite electrodes. I probed for more information
on the graphite and was told that it is a "special"
graphite that is only 2021 more expensive than regu-
lar graphite.

In addition to the groups working on the above
reactions, there is a group performing very exten-
sive corrosion tests on a variety of materials.
Most of this work is done under the various condi-
tions associated with drying, decomposing and con-
densing the decomposition products of sulfuric acid.
I was told that they have demonstrated at least one
satisfactory material for each of the different
conditions. It is clear that Ispra believes cor-
rosion problems can be solved.

In addition to their experimental program, the
Ispra personnel are engaged in preparing extensive
and detailed flow-sheets and process design efforts
on each of the cycles described above and on the
iron chloride cycle. These conceptual designs are
being used in attempts to estimate costs associated
with thermochemical hydrogen production. As part
of this effort, Ispra has given a contract to a
large chemical engineering firm (Technipetrol, Inc.,
Rome) to examine the detailed flow-sheets and
identify and furnish cost data for known industrial
equipment and processes that can be used for each
of the flow-sheet operations. The data from the
chemical engineering firm will be used with the
Ispra computer code in attempts to effect some
optimization of process parameters and to obtain
integrated cost figures. In this way, they expect
to obtain realistic capital and operating costs for
a plant that could be built. It is realized, of
course, that ttese costs will be higher than those
associated with the still unspecified plant that
should be built.

Dr. Beghi (as the "operating agent") and I (as
the U.S.A. "technical contact") discussed problems
associated with the logistics of information ex-
change and also the workshop specified by the
I.E.A. agreement. Relevant extracts from the agree-
ment have been made as follows:

Means
T-aT—Each Participant as indicated below will

undertake an experimental or analytical
programme on at least one of the following
eight steps that apply specifically to

the sulchur-iodine and iron-chlorine cyrlos,
but also apply in general to other cycles
that incorporate the decomposition of sul-
phuric acid, a metal sulphate or hydroiodic
acid:
(1) Thermal decomposition of H,SO4.

(2) Thermal decomposition of a metal
sulphate.

(3) Hydrolysis of FeCl2.

(4) Liquid separation of H,SO4/HI from
solution.

(5) Reverse Deacon reaction.

(6) Decomposition of HI.

(7) Decomposition of FeC13.

(8) Electrochemical production of H2SO4
and H2 from S02 and H2O.

Although the Participants undertake a
commitment to work only on at least one of
the above steps, they are interested in
pursuing the work in all of them.

(c) Within the first year of the implementation
of this Amex, each Participant will pro-
vide to the Operating Agent publications
in its possession which have relevance to
the objectives of this Task. In addition,
each Participant will provide to the Opera-
ting Agent copies of such internal reports
and working papers resulting from the work
outlined in paragraph 2 (a) as . may be of
interest to the other Participants. Fur-
ther, each Participant on an annual basis
will prepare a progress report on its work
under way and submit it to the Operating
Agent.

(d) The Operating Agent will compile and sub-
mit to the Executive Committee a work pro-
gramme for the first year. The Executive
Committee, acting in unanimity, shall
approve a work programme for the first year,
no later than three months after signature
of this Annex. The work programme (includ-
ing patent considerations) will outline
the respective contributions of each Par-
ticipant for accomplishing the objectives
of the Task.

(e) At the end of the first and second years,
a 3-4 day workshop will be held to dis-
cuss progress reports and to formulate the
next year's detailed work programme.
Organization of the workshop shall be the
responsibility of the Operating Agent.

(f) Each Participant will designate for the
Operating Agent technical contacts for
each of the reaction or operation steps
undertaken pursuant to paragraph 2 (a .

Time Schedule

Three years (1st November, 1977-31st October,
1980). Workshops planned: Summer 1978, Sumner
1979.

In discussing the logistics problem Dr. Beghi
and I noted that there are seven participants in
the agreement, six countries and the European
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community as a separate organization. Each parti-
cipant (or country) will designate a technical con-
tact or contacts. We decided on an initial procedure
as follows:

(1) Dr. Beghi will obtain the reports and docu-
ments described in Paragraph 2-c above from
the technical contacts named by each of the
countries. He will send one copy of each
document to me and send a copy of the trans-
mittal letter to Dr. John Gahmier who is
the DOE headquarters contact for the
Thermochemical Hydrogen Annex. I will make
copies of these documents for headquarters
and for each of the U.S. organizations
working on the identified tasks. In the
meantime, I will receive similar documents
from the U.S. organizations and send eight
copies of each document to Dr. Beghi (and
a copy of the transmittal letter to Dr.
Gahimer). Dr. Beghi will distribute these
documents to each technical contact who in
turn, presumably, will arrange for distri-
bution to the active organizations in his
country.

Dr. Beghi and I discussed various possibi-
lities for the format and organization of
the workshop described in paragraph 2-(c)

of the agreement. No conclusions were
reached. I agreed to discuss the subject
with U.S. workers and then send suggestions
by letter. We recognized that late August
1978 just after the Hydrogen Conference in
Zurich, would be a convenient time for the
first workshop.

The Saclay Visit

A small group of chemists, under the direction
of Dr. Etienne Roth, are engaged in reactions of
potential value in thermochemical cycles. They
have been interested in cycles based on carbonate
chemistry in attempts to identify less corrosive
processes. They have not been successful in this
particular area, but it is an interesting and well
conceived program. They have also performed experi-
mental studies on reactions and cycles considered
at LASL. It is clear that information exchange can
benefit both laboratories. Since the French are not
participants in the I.E.A. agreement, the exchange
will consist of papers at the pre-print stage,
progress reports (hopefully) and infrequent visits.

I presented a seminar describing U.S. thermo-
chemical hydrogen programs. I was surprised to learn
that some of the audience were from the Reactor
Division. After the seminar, I was given a very
interesting tour of the large facility used to test
components designed for their HTGR reactors. Their
interest in thermochemical hydrogen was explained
by the statement that HTGR reactors in France are
to be used only for high temperature process heat
applications and not for the production of electric-
ity.

The Visit to RWTH-Aachen

Professors Knoche, Cremer and Schulten
directed and performed imaginative work in the con-
ception, testing, chemical engineering design and
analysis as well as cost analysis of several very
interesting cycles. The laboratory work has been
stressed less than the analysis activities, but
some reactions have been verified experimentally.
At the present time, much of their work is centered
around the iron chloride cycle and their experimental

and a:oalytical results will become available under
the I.E.A. agreement. They have developed a versa-
tile and comprehensive conputer code to guide process
design associated with gas separation steps in the
iron chloride cycle. It seems probable that the
cycle will appear better after their optimization
efforts, but I think their present opinion is that
it will not be competitive with the best cycles.
Nevertheless, the methodology they are developing
should be extremely valuable when applied to other
cycles.

The other cycles under investigation by this
group are not covered by the I.E.A. agreement, but
we have agreed to an informal exchange of informa-
tion on our respective programs. Professor Knoche
expressed an interest in performing some design
optimization and analysis of the LASL cerium chloride
cycle.

I pres:nted a seminar on LASL thermochemical
hydrogen research to an interested and informed
group of graduate students and professors.

The Visit to Julich Nuclear Research Center

Dr. Heiko Barnert ►;ill (presumably ) act as the
Operating Agent for Annex II of the I.—A. hydrogen
agreement, although he hasn't been formally notified
that he has been designated. Annex II is concerned
with problems of interfacing a High Temperature
Reactor with a The rmochemical Hydrogen Plant. Dr.

Barnert had been asked (by the Executive Committee
Member from Germany) to prepare a detailed work
statement on Annex II for the Executive Committee
meeting to be held in Paris on November 8-9, 1977.
Dr. Barnert had prepared a statement based only on
the Julich Program and was uncomfortably aware that
the other participants in the Annex might not concur.
However, until my visit, he had not been given the
name of the designated technical contact for any of
the countries. I informed him that Dr. John Gahimer
will act as the DOE headquarters contact and that I
will assist in technical matters. We agreed to
initiate the exchange of reports and documents
specified in the Exchange Agreement. We were both
aware that there is an existing bi-lateral agreement
between the U.S. and Germany for information ex-
change on high temperature reactors. Therefore, the
selection of information to be made available under
the I.E.A. agreement must be compatible with the bi-
lateral agreement.

It seems quite clear that valuable information
will be generated in the Julich thermochemical
hydrogen program. Approval has been given in prin-
ciple for a 10 year experimental and theoretical
program for the development of thermochemical pro-
cesses and also for the development of metal hydrides
for hydrogen storage. The funding level is projected
to be between 60 and 80 million DM over the 10 year
period. The specific objectives include the construc-
tion and operation of a "semi-technical" plant
(about 100 kW level) for the production of hydrogen
from water using a thermochemical cycle. At the
present time, the cycle is projected to be the sul-
furic acid hybrid cycle and most of the experimental
effort is on the cycle. A second objective is the
design and construction of a "semi-technical" plant
for hydrogen storage. Currently there are six
people (some part time) engaged in developing the
electrolysis step in the hybrid cycle. This work
is directed by Dr. Struck. He was very reluctant
to give details of progress since part of the
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program is funded by Euratom and he felt that
specific permission was required before he could
give information. There are three people working
on the high temperature thermal decomposition of
sulfuric acid. This work is directed by Dr. Hammeke
and is still in the initial stages of equipment
design and procurement. There are three people
engaged in an activity called HTR coupling-economics.
This program is directed by Dr. Barnert and it in-
cludes the development and comparison of methodol-
ogies for estimating the ,osts associated with
thermochemical cycles couplzd to high temperature
reactors. There are, at present, two people engaged
in metal hydride research.

Conclusions

It is clear that the Europeans are quite serious
in relatively short term development of better

methods for the production and utilization of hydro-
gen. The effort on •hermochemical hydrogen re-
search and development in Europe is significantly
greater than the total of the U.S. programs. In my
opinion, the short range objectives are overesupha-
sized and not enough attention is given to the
conception and evaluation of alternative cycles.
Thus, attentiol is concentrated on only two or three
possibilities. In the past, this has resulted in a
great deal of development work on cycles that finally
had to be abandoned. At the present time, large
scale development efforts are directed toward
three cycles tha • . tjp r , firs; identified in U.S.
programs.	 it seems quite clear that
it will be adva,itagco-,s for the United States to
participate in  '1'c; •, .tion exchange activities
under the I.E.A. dnh, indeed, in bi-lateral informa-
tion exchange on cycles not yet formalized in the
I.E.A. Agreement.
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APPLICATIONS OF SOLUBILITY PARAMETERS

PART I

D. D. Lawson

Jet Propulsion Laboratory
California Institute of Technology

Pasadena, California 91103

ABSTRACT

The long range objective of this work is to create a simple means of quantitatively dealing
with the physicochemical nature of the interaction of hydrogen (atomic or gaseous forms) and
other fluids with materials used in hydrogen production and/or storage environments. In the
following sections, definitions and related data will be presented as a starting point to
achieve the above objective.
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The potential energy of a mole of material (E) is:

E - Nv
	

(1) O1 - V +1 V and 02	
2
+ V (V - volume)

1	 2	 1	 2

The Solubility Parameter

The prime movers of the solubility parameter (6)
concept are Professors Joel H. Hilderbrand and
Robert L. Scott.(1) Tito solubility parameter of a
material is a measure of the intermolecular forces
In a given substance and is a fundamental property
of all matter. The basic assumption in the solu-
bility parameter is that there is a correlation
between the Cohesive-Energy Density (CED) that is
potential energy per unit volume and mutual solu-
bility of materials.(2)

estimation of the solubility parameter (6) of a
mixture of materials can be calculated. Thos
assumes that the materiala are completely miscible
with each other and are somewhat chemically inert
to each other. The effective solubility parameters
(6m) of a mixture of components 1 and 2 with 61,2
and 0 1.2 volume fraction is:

6m ° 0 1 62 + 0 2 62	(6)

where

when N is Avogadro's number and the potential energy
of a molecule or a single atom is v. The cohesive-
energy density is thus numerically equal to the
negative potential energy of one cubic centimeter
of the material:

CED - _E
	

(2)
V

where V is the molar volume or atomic volume.

It is convenient when solute-solvent systems are to
be studied to define the square root of cohesive-
energy density as the solubility parameter (6).

CED - 6 2 - -E
	

(3)

The vaporization of a material can be imagined as a
process involving the transport of all molecules or
atoms from their equilibrium distance relative to
each other, so that the potential energy of each
molecule or atoms is reduced to zero.

In the case of metals, the heat of sublimination or
the heat of atomization is the thermodynamic term
used. The heat of vaporization or sublimination
per mole (E) is thus the term used to compensate
both for the potential energy per mole (E) and for
the volume work, which for a vapor phase obeying
ideal gas laws is RT, where R is the molar gas con-
stant and T is the absolute temperature (at 25°
this is 592 calories) then:

AHv - -E + RT
	

(4)

It follows that the CED can then be obtained from
the heat of vaporization or sublimination (AH v) and
the molar volume (V)

CED - 62 - v 
V

AR - RT
(5)

The units fqr the solubility parameter (6) are
call/2 cm 3/2 and is named a Hildebrand (Hb) in
honor of Professor Joel Hildebrand. (2) Most organic
materials have Hb values between 5 and 23.4 (water),
whereas most metals have values from 30 to 180 Hbs.

Hildebrand-'s -Mixing Rule and Miscibility

The real usefulness of the solubility parameter is
that by the use of the Hildebrand mixing rule an

Equation 6 rearranged in terms of Volume is:

sm	 s1
V2 ° 62 	 61 - 6 2 	 61	 (7)

V1 - 1-V2

In general, solubility, or miscibility, of two
substances is to be expected if there is a decrease
in the free energy of mixing, viz.,

AF 
mix ° AHmix - TAS mix(8)

In as the entropy of mixing AHmix is positive (i.e.,
-TASmix <0), the enthalpy of mixing AHmix will
determine solubility. The latter term (for non-
polar substances) is positive and its magnitude is
proportional to the differences of the respective
solubility parameters (6) (i.e., square root of
the cohesive energy density)

AH
mix - (61 - 

6 2 ) 2	 (9)

Thus, the closer the solubility parameter values,
the smaller the AHmix will be and, consequently,the
greater the decrease in AFmix• However, mutual
miscibility will exist for a range of values in the
vicinity of the substance's solubility parameter.
Thica range will depend on where in the 6 con-
tinuum, i.e., organics 5 to 23 Hb or the metals up
to 180 Hb, the material falls. In the organic
region a value of ±2.5Hb is the generally used
value and at the higher 6 values it is 25 to 30 Hb
for metallic materials.

In Table I is given data for materials commonly
encountered in some thermochemical cycles for the.
production of hydrogen. In Table II is the 6 data
for the elements with atomic numbers of one through
ninety two.

References:

1. Hildebrand, J.H. and R.L. Scott, "The
Solubility of Nonelectrolytes" ACS Monograph
series #17 (1950).

2. Barton, Allan F.M. Chem Reviews 75 731-753
(1975).
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Table I

MATERIALS THAT ARE ENCOUNTERED IN SOME THERHALCHENICAL CYCLES FOR HYDROGEN PRODUCTION

AHT

Compound T(KO) VT(cm3) (Kcal/mole) 6T (Hb)

C12 239 46 4.88 9.8

Br 298 51 7.34 11.5

I2 298 59 11.73 14.1

HCl 187 30.5 4.58 12.25

HBr 185 19.2 5.05 13.14

HI 222 44.9 5.49 11.06

S8 298 135 21.77 12.7

S02 263 44 5.95 11.0

aSO3 298 41.6 11.8 16.84

R(SO3) 2 298 81.3 12.8 12.57

H2SO4 298 53.3 18.0 18.39

S02C12 298 80.9 7.8 9.80

H2O 298 18.0 10.0 23.53

NOTE: The 6 will decrease as the temperature is increased. For more details see Ref 1, Ch RV.
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Table I1

SOLUBILITY PARAMETERS AND ATOMIC VOLUMES OF THE ELEMENTS

Standard
Atomic Deviation

Atomic Volume Solubility of the
Nupber cc/gram- Parameters Solubility Temperature

Element Z atom Ceal/ce]1/2 Parameter Ko Symbol

Actinium 39 22.56 67.9 (A) 298 Ac

Aluminum 13 10.00 88.03 1.20 298 Al

Antimony 51 18.21 58.26 4.69 298 Sb

Argon 18 23.86 7.93 (A) 28 Ar

Arsenic 33 13.10 72.79 (A) 298 As

Astatine 85 (D) At

Barium 56 39.24 32.91 0.30 298 Ba

_	 Beryllium 4 4.38 126.00 0.60 298 Be

Bismuth 83 21.33 48.40 0.20 298 Bi

Boron 5 4.65 169.10 1.20 298 B

Bromine 35 (25.53) 32.37 0.02 298 Br

Cadmium 48 13.00 45.37 0.02 298 Cd

Calcium 20 25.97 40.31 0.17 298 Ca

p	 Carbon 6 5.34 179.06 0.24 298 C

Cerium 58 20.70 68.67 (A) 298 Ce

Cesium 55 70.05 16.40 0.18 298 Cs

Chlorine 17 (19.30) 38.5 (A) 298 Cl

Chromium 24 7.23 114.62 0.85 298 Cr

Cobalt 27 6.67 123.66 0.86 298 Co

Copper 29 7.11 106.8 (A) 298 Cu

Dysprosium 66 19.00 59.17 3.00 298 Dy

Erbium 68 18.27 62.04 3.12 298 Er

Europium 63 28.98 38.34 0.32 298 Eu

Florine 9 (10.30) 42.82 1.60 298 F

Francium 87 73.0 15.75 (A) 298 Fr

Gadolinium 64 20.01 64.21 0.27 298 Gd

Gallium 31 11.80 74.16 (A) 298 Ga

Germanium 32 13,64 81.00 (A) 298 Ge

Gold 79 10.20 92.67 0.52 298 Au

Hafnium 72 13.64 110.94 4.67 298 Hf

Helium 2 19.53 1.06 (A) i He

Holmium 67 18.75 61.19 0.37 298 Ho

Hydrogen 1 (6.70) 124.2 (A) 298 H

Indium 49 15.71 60.40 0.22 298 In

Iodine 53 (25.68) 31.50 (A) 298 I

Iridium 77 8.54 136.47 0.51 298 Ir

Iron 26 7.10 118 .68 0.84 298 Fe

Krypton 36 32.00 8.50 (A) 121 Kr

Lanthanum 57 22.44 67.35 1.03 298 La

Lead 82 18.27 50.61 0.76 298 Pb

Lithium 3 12.99 54.50 0.40 298 Li

Lutetium 71 17.77 74.55 2.14 298 Lu
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Table II

SOLUBILITY PARAMETERS AND ATOMIC V,;LUMES OF THE FLEMENTS (Continued)

Standard
Atomic Deviation
volume Solubility of the

Atomic cc/gram- Parameters Solubility Temperature
Element Number atom [cal/cc)1/2 Parameter K® Symbol

Magnesium 12 13.97 50.48 (A) 298 Mg

Manganese 25 7.39 95.58 0.69 298 Mn

Mercury 80 14.82 31.45 0.01 298 11g

Molybdenum 42 9.39 129.51 (A) 298 Mo

Neodymium 60 20.61 60.56 0.34 298 Nd

Neon 10 16.76 5.12 (A) 24 Ne

Nickel 28 6.59 124.59 0.54 298 Ni

Niobium 41 10.83 127.12 1,28 298 Nb

Nitrogen 7 (11.40) 99.1 (A) 298 N

Osmium 76 8.43 149.10 0.51 298 ON

Oxygen 8 (8.50) 83.57 0.19 298 0

Palladium 46 8.88 100.73 0.71 298 Pd

Phosphorus 15 16.92 67.70 1.39 298 P

Platinum 78 9.09 121.86 0.12 298 Pt

Poloni.um 84 22.62 39.05 (A) 298 Po

Potassium 19 45.47 21.74 0.05 298 K

Praseodymium 59 20.82 64.08 0.64 298 Pr

Promethium 61 20.33 56.11 (B) 298 Pm

Protactinium 91 15.00 93.81 (B) 298 Pa

Radium 88 38.80 32.90 (B) 298 Ra

Radon 86 50.45 29.19 (A) 208 Rn

Rhenium 75 8.85 145.13 0.33 298 Re

Rhodium 45 8.29 126.76 0.67 298 Rh

Rubidium 37 55.87 18.78 0.45 298 Rb

Ruthenium 44 8.29 136.38 0.44 298 Ru

Samarium 62 20.07 49.86 (A) 298 Sm

Scandium 21 15.06 73.32 0.43 298 Sc

Selenium 34 16.48 54.75 0.78 298 Se

Silicon 14 12.06 94.80 1.85 298 Si

Silver 47 10.27 81.61 (A) 298 Ag

Sodium 11 23.67 33.10 0.13 298 Na

Strontium 3a 33.70 34.08 0.03 298 Sr

Sulfur 16 15.49 65.46 1.39 298 S

Tantalum 73 10.90 130.59 0.45 298 Ta

Technetium 43 8.63 133.37 0.93 298 Tc

Tellurium 52 20.45 47.73 1.45 298 Te

Terbium 64 19.26 68.20 1.19 298 Tb

Thallium 81 17.25 50.07 0.20 298 T1

Thorium 90 19.90 82.85 (A) 298 Th

Thulium 69 18.15 56.53 0.28 298 TM

Tin 50 16.30 66.46 (C) 298 Sn
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Table II

SOLUBILITY PARAMETERS AND ATOMIC VOLUMES OF THE ELEMENTS (Continued)

Standard
Atomic Deviation
Volume Solubility of the

Atomic cc/gram- Parameters
/2

Solubility Temperature
Element Number atom cal/ec]l Parameter K° Symbol

Titanium 22 10.63 102.96 0.64 298 Ti

Tungsten 74 9.53 144.87 0.51 298 W

Uranium 92 12.48 100.07 1.70 298 U

Vanadium 23 8.35 121.22 3.49 298 V

Xenon 54 36.81 9.43 (A) 166 Xe

Ytterbium 70 24.87 40.10 (A) 298 Yb

Yttrium 39 19.88 70.14 (A) 298 Y

Zinc 30 9.17 58.51 0.41 298 Zn

Zirconium 40 14.06 101.90 0.49 298 Zr
ia

A^

(A) A single value available in the literature.

(B) Estimated data.

(C) Gray form of tin.

(D) No data available.

The atomic volumes in brackets are the single atom values.

114



HYDROGEN PRODUCTI0 BY PHOTOELECTROLYTIC DECOMPOSITION

OF WATER USING SOLAR ENERGY

R. David Rauh, Terrence F. Reise and Saul Alkaitis
EIC Corporation
55 Chapel Street

Newton, Massachusetts 02158

Abstract

The conversion of light to chemical energy can be
effected through the photoelectrolysis of water to
produce H2 and 02. The aim of this program is to
discover semiconducting photoelectrode materials
which have optimal band gaps, electron affinities
and stabilities for this application.

r

115



I. INTRODUCTION

When a semiconductor and redox electrolyte of
different work function are brought into contact,
their equilibration through electron exchange and
surface reactions results in the formation of a
rectifying barrier. Thir ffect has long been
known in connection with the study of electro-
chemistry at semiconductor electrodes (1). How-
ever, it was not until the published experiments
of Fujishima and Honda (2) in 1912 that it was
realized that irradiation of the semiconductor-
aqueous electrolyte interface, in an electro-
chemical cell, would result under some conditions
in the decomposition of 1120 into 112 and 02. As in
photosynthesis, a method was provided for directly
converting solar energy into a storable fuel.

The purpose of this program is to demonstrate
materials which maximise the efficiency of photo-
electrolysis in inexpensive polycrystalline con-
figurations. The ideal electrode should have a
band gap with good solar collection efficiency.
As described below, the bands must also be in the
proper orientation with respect to the H+/H2 redox
energy level of the electrolyte, and with respect
to the vacuum. In addition, the water decomposi-
tion half reaction occurring on the pbotoelectrode
must be preferred over electrode decomposition,
on thermodynamic or kinetic grounds. Finally,
the quantum yield for current production must be
high, i.e., the photoreaction must compete favor-
ably with the recombination of excited minority
carriers produced under illumination.

II. VENETIC MQUIRF.iI€NTS OF PWTOELECTROLYSIS

Figure lA shows a typical configuration for a
photoelectrolysis cell. The photosensitive elec-
trode consists of an n or p doped semiconductor
with an ohmic contact to its back surface. In
this single photoelectrode embodiment, the counter
electrode is a metallic conductor, such as Pt or
graphite.

Figure 2 illustrates the energetics of an ideal
n-type electrode under short circuit conditions of
H2O photoelectrolysis. The n-doping causes the
work function to be lower than that of the elec-
trolyte. Consequently, when the two are placed in
contact, the SC releases some of its electrons
to the electrolyte. Unlike a metal, a semiconduc-
tor has a limited number of electrons per unit
volume - hence the depletion region extends well
into the bulk of the electrode. This is mani-
fested by a bending of the semiconductor valence
and conduction bands over the depth required for
equalization of the potentials of the two phases.
Additional variations of the semiconductor poten-
tial applied via the ohmic contact using an
external bias will result in an increased band
bending for positive applied potentials and vice
versa. The applied potential necessary to decrease
the bending to zero is termed the flat band
potential, AEfb. Under most conditions, AEfb for
n-type electrodes is negative (as in Fig. 1), and
positive for p-type materials.

It should be noted that the energy of the con-
duction band at the interface is equal to the
electron affinity of the semiconductor, since very
little depletion of electrons can occur within
only a few angstroms of the surface. Thus, in
the absence of surface adsorbents or ionizable

functional groups, the values of Ec and Ev are
locked into place by the physical properties of
the electrode material.

The interface energetics in the dark are
determined by the presence and concentrations of
redox species in solution. As pointed out by
Nozik (3), the "Fermi level" of the solution is
not very reproducible, being very sensitive to
solution composition. The reversible potentials
for H2 and 02 evolution are also shown in Figure 2,
and are a function of pH. The energy of the normal
hydrogen electrode (NHE), whose position is shown
in Figure 2, is approximately 4.5 eV with respect
to vacuum. The photoelectrode, solution and
counter electrode are shown in chemical equilibrium.

On illumination of the semiconductor in Figure
2, electrons are excited from the valence band to
the conduction band. Electrons placed into the
space charge region of the conduction band are
swept into the interior by the built-in field,
while the valence band holes migrate to the surface.
The increased population of minority carriers in
the conduction band results in a negative displace-
ment of the Fermi level, and thus, under short
circuit conditions, in the potential of the counter
electrode. In the absence of other more reducible
species, electrons will reduce H+ at the counter
electrode. At the semiconductor, holes will
oxidize H2O. The counter electrode in Figure 2
is assumed to be of high surface area and, under
Illumination, to fix the equilibrium potentials
of the two electrodes at EH+/H2'

The positions of the redox levels relative to
the bands are ideal in Figure 2. It is shown
that the band gap, AEG, must be at least 1.23 eV.
However, the band bending required for electron-
hole separation (AEBB) and the overpotential for
02 evolution (AEOInR) must also be considered.
In reality, then (4),

AEG W 1.23 eV + AEBB + AEOVER	 (1)

The actual requirements of AEG in this single-
photoelectrode configuration is debatable. In our
opinion, there are insu8£icient experimental data
to warrant a projected lower limit to AEG for semi-
conducting electrodes used in the photoelectrolysis
of H2O. However, band gaps larger than ideal for
solar energy power conversion (ti1.5 eV) may be
unavoidable.

Several alternative configurations to that
shown in Figure lA are possible. Figure 1B shows
a single photoelectrode cell operating in series
with an external power supply. Operation of this
cell would constitute the photoassisted electrolysis
of H2O. The efficiency compared to a spontaneously
operating cell would be decreased by the energy
supplied by the external source. However, accept-
ance of this configuration can extend the range
of possible materials for photoelectrodes, as the
energetic positions of the bands with respect to
the redox levels become less restrictive. In
practice, the use of lower band gap materials may
become possible, offsetting through more efficient
solar collection some of the losses due to the
power supply.

Figure 1C illustrates P. cell in wii1ch both
electrodes are photoactive. In this configuration,
Ev on the n-side must III& deeper than E(02/H20),
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while Ec on the p-side must be higher than
E(11+/ 112) . Ideal energetics for such a p-n cell
are illustrated in Figure 3. Clearly, it is
possible to obtain non-assisted photoelectrolysis
with electrodes having optimal band gaps for solar
conversion.

III MATERIPLS CONSIDERATIONS

In designing electrode materials for photo-
electrolysis, it is evident from Figure 2 that we
must consider the band gap and electron affinity
of the semiconductor. Of equal importance, how-
ever, 1.9 stability under operating conditions.
For the n-type semiconductor shown in Figure 2,
the decomposition potential must be positive of
the 02/H20 potential. Alternatively, decomposi-
tion may be very slow compared to electron
transfer.

In general, the best materials for n-type oxygen
photoanodes are fully oxidized compounds. These
at least will not be susceptible to formation of
higher oxides under conditions of 02 evolution.
However, an3d'. , dissolution reactions can occur.
At pH - 0. +_ most negative standard decomposi-
tion (ED°) for T102 is +1.18V, while E°(02/H20)
is +0.99V vs. SCE. The separation becomes greater
as the pH is increased (5). Thus, T102 shows
stability as an 02-evolving photoarode over a wide
pH region. ZnO, on the other hand, is oxidized
to Zn+2 and 02 at +0.65V, and undergoes some even
more negative decomposition reactions with OH-.
ZnO has been shown to decompose anodically under
illumination, rather than act passi- •ely in an
electron transfer reaction from H2O (6). Similar
arguments can be made for reductive decomposition
reactions which may occur on p-type photocathodes.

Another concern of stability involves the
doping of the semiconductor electrode. Oxide
semiconductors doped by virtue of oxygen defi-
ciency (e.g., T102-x) may not retain their doping
under conditions of 02 evolution. Wold and co-
workers (7) have reported the stabilization of
W03-x by adding F- for vacancy compensation. It
is also possible, of course, to dope semiconductors
in other ways, e.g., by incorporating donors as
acceptors in stoichiometric compounds, or by the
use of mixed oxides.

IV. THE DESIGN OF PHOTOELECTRODES

It is clear that the materials chosen for H2O
photoelectrolysis need not be selected from among
commwnly researched semiconductors. For a single
n-type photoar.ode (Configuration IA or 1B), we
require a material of low electron affinity. For
a %emiconductor MX, the electron affinity is
roughly manipulated by the more electropositive
element, M, while the electrons in the valence
band tend to be associated with the more electro-
negative component. Butler and Ginley (8) have
used electronegativities to predict the proper-
ties of various metal titanates, but the principles
can be applied to any semiconductor. For example,
we may write

EA - XSC - (AEG/2)	 (2)

where XSC is the geometric mean of the electro-
negativities of the constituent elements (9). The
individual electronegativities are given by

Mulliken (10) as (IP + EA)/2, and are about 2.8
times the Pauling electronegativities (11).

Using this model, let us compare Sn02 with
SrT103. For SnO2, AEG © 3.5 eV, X(Sn) o 4.8 eV and
X(0) - 7.55 eV. Hence,

EA(Sn02) - 1(4.8)(7.55)
2,1/3

- 3.5/2 - 4.7 eV

Similarly, for SrT103, AEG o 3.2 eV, X(Sr) X2.7 eV,
X(Ti) = 3.7 eV, so that

EA(SrT103) = 1(2.7)(3.7)(7.55) 3 1
1/5

- 3.2/2 - 3.7 eV

The results agree remarkably well with the experi-
mental value for Sn02 (12) and qualitatively with
the large difference in flat band potentials
between the two compounds (13). Since the energy
of the NHE is a 4.5 eV, the model also predicts the
observed contrast of these two materials for photo-
electrolysis of H2O. SrT103 will decompose H2O
sp ntaneously in the single photoelectrode config-
uration (14), while Sn02, because of its positive
flat band potential, always requires an external
bias (15). In designing an n-type oxide photo-
electrode, then, it 1s important to have metals
with low electronegativities, and to have fully
oxidized compounds preferably with O:M ratios
of 51.5. This will ensure a small XSC term, and
hence a low EA.

For the p-n configuration, the EA on the n-side
can be about 5 eV, and the band gap should be
_-1.5 eV. This tends overall to allow for the use
of higher electronegativity metals in forming
metal oxides. The p-electrode should have an
EA 54.5 eV, and EG --1.5 eV. We need not use oxides,
although there is a danger of auto-decomposition
for materials whose anodic ED° values are too
negative (5). Of course, the p-materials must
also exhibit good cathodic stability.

Our general approach involves the recognition
that a very large number of semiconductors can be
synthesized with control of the band gaps and of
the electron affinity. For example, it should be
possible to attain a variety of band gaps through
the synthesis of mixed valence oxides, or by making
solid solutions of large and small band gap semi-
conductors of similar crystal structures (16). As
a guide, we will employ theoretical considerations
(e.g., equation (2)) to predict electron affini-
ties, and use free energies of formation to
predict ED'-

V. ELECTROCHEMICAL EVALUATION OF PHOTOELECTRODES

Electrodes will be constructed using materials
synthesized according to the considerations of the
previous section. Polycrystalline electrodes will
be used in most cases, in order to expedite the
evaluation of a large number of substances. These
will be constructed either by hot-pressing (17) or,
where appropriate, by chemical vapor deposition (18).

Evaluation of electrodes will involve half-cell
studies of photocurrent quantum yield (^) vs.
electrode polarization and of the fraction of the
photocurrent going into the appropriate gas-forming
reaction. The ideal current-voltage behavior for
an n-type electrode is shown in Figure 4. Here
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it is seen that overlap of 02 evolution potential
regions on the plDtoelectrode and H2 evolution
potential regions on the counter electrode is the
major criterion for spontaneity. Of course, this
overlap will be enhanced by the use rf a high
surface area counter electrode. Similarly, p and
n photoclectrades can be compared which show high
overlap of their respective photocurvent-potential
curves. As can be seen from Figure 4. maximum
full cell photocurrents can be predicted from
these half-cell studies, as can the ultimate
quantum yield for their operation.
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Fig. 1. Cell configurations for water photoelectrolysis.
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Fig. 2. Energetics of the semiconductor electrolyte and counter
electrode -electrolyte interfaces in a photoelectrochemical

cell. The cell can operate spontaneously under closed circuit
conditions ( no external bias).
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Fig. 4: Ideal current voltage curves for half cells comprising a spon-
taneously operating photoelectrochemical cell, utilizing one
n-type photoelectrode and an inert counter electrode. The
limiting photocurrent is a function of light intensity. Note
that AEfb corresponds to the onset of photocurrent, and is
well negative of the H+/H2 (NHE) equilibrium potential.
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Abstract

A solar energy storage system based upon the
interconversion of norbornadiene and quadricyclene
possesses several attractive features, including high
specific energy storage capacity, kinetic stability
of the energy rich photoproduct in the absence of
suitable catalysts, and relatively inexpensive react-
ants. Two steps are required in this cyclical system:
0) Energy storage through the sensitized photolysis
of norbornadiene to quadricyclene in an endothermic
reaction; 9) Energy release through the catalyzed
reconversion of quadricyclene to norbornadiene in
an exothermic reaction. Introduction of the sensi-
tizer and catalyst onto separate polymeric supports
facilitates the construction of an actual device in
which the energy storage and energy release steps
are sequentially coupled. An energy storage system
based on these principles could result in the practi-
cal use of solar energy for heating buildings and
related applications.
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I. INTRODUCTION

The use of sunlight induced photochemical reactions to
generate storable products of high energy content which are
reconvertible at will to the original material offers an at-
tractive approach to the long term storage of solor energy.
The net effect of cycling the energy storage-energy release
steps is to convert sunlight to a more controllable, and thus
usable form without consuming any nonrenewable resources.
Ideally the recyclable storage medium should possess the
following characteristics:

(1) significant absorption of incident solar radiation
01) high quantum efficiency of the photochemical en-

ergy storage step
(iii) high specific energy storage capacity (heat stored

per gram of photoproduct formed)
(iv)absence of destructive side reactions
(v)ease of handling (can be readily cycled in a star-

age device)
(vi) synthesis from readily available and inexpensive

starting materials

Because of these stringent requirements the number of
currently known photochemical reactions which possess any
promise for use in a cyclical energy storage system is under-
standably small. Among the most attractive candidates is
the norbornadiene (NBD)-quedricyclene (Q) interconver-
sion (Reaction 1). Both compounds are liquids with boiling

by

sensitizer	 (1)
NBD	 Q

catalyst
release of —260 cal/g

points and densities similar to water. Although NBD itself
does not absorb light in the wavelength region of available
color radiation N00 nm), the photoreaction does occur in
the presence of an appropriate spectral sensitizer with an
overall efficiency of O produc:, ion approaching 100 al, in
optimal cases 0). The photoproduct, while containing
some 260 cal/9 (1.1 X 10 6 joule/kg) excess energy over
NBD, is stable toward thermal reversal because of orbital
symmetry constraints. Exposure to certain transition metal
catalysts, however, allows for the clean and rapid conver-
sion of Q to NBD with the release of the excess energy (2).
NBD is an attractive storage medium from a cost standpoint,
since it is prepared from commonly available chemicals (a-
cetylene and cyclopentodiene).

The characteristics of a NBD-Q based energy storage
system recommend its use as a source of low-grade (-100°
C) heat. Some readily apparent a lications along this
line are the heating, cooling and hot water production in
buildings. Roughly 20gof all energy (primarily from fossil
fuels) currently consumed in the United States is used for
these purposes.

The Solar Energy Storage Program at the University of
Georgia has been directed toward the evaluation and de-
velopment of this promising system. Several related re-
search areas have been under investigations

A. Sensitizer Development

At the outset of the project, there was limited infor-
mation available on the sensitized conversion of NBD to Q.
The sensitizers that had been reported were generally weak
absorbers of solar radiation, inefficient, or prone to de-

composition. Thus our efforts hove concentrated on 0) sur-
veying c wide variety of potential organic and inorganic
candidates and (ii) studying the mechanism of sensitization
in order to intelligently design new candidates offering im-
proved characteristics.

B. Catalyst Development

While several catalysts for the reverse reaction are
known, it would be advantageous to have ones which are
relatively inexpensive and which would offer a range of
catalytic activity in order to select the optimal rate for the
reconversion at ambient temperature. We have therefore
been searching for new structures of high catalytic activity,
high product specificity, and low cost.

C. Polymeric Anchoring of Ser,^itizers and Catalysts

The need to physically constrain the catalyst for the
heat-releasing reaction to the catalytic chamber is obvious.
Similar confinement of the photosensitizer to the irradiation
chamber reduces the required amount of this component.
Polymer immobilization also precludes undesirable interac-
tions between the catalyst and sensitizer, and facilitates
their replacement in an actual device.

D. Recycling Studies

The requirement that the NBD-Q energy storage system
can be repeatedly cycled without degradation of the key
components (sensitizer, catalyst, storage medium) is quite
stringent. For this reason the ability of the system to be
recycled is being examined using a small scale laboratory
apparatus.

Our initial efforts in each of these areas have been
described previously (3). In the present article we focus
upon our most recent results as well as our future plans.

11. SENSITIZER DEVELOPMENT

a. Organic Sensitizers

Our recent activities in this area have been directed
toward (i) evaluation of the sensitization performance of
various graft copolymers of polystyrene relative to the ho-
mogeneous monomeric counterparts: (ii) evaluation of the
performance of polymeric sensitizers related to the type of
Polystyrene and to the method and extent of chemical
functionalization' (iii) durability and performance of the
polymeric sensitizers which are subjected to repeated cy-
cling; (i0 synthesis and evaluation of potential sensitizers
with improved solar absorption characteristics, and (v) e-
valuation of glass beads as an improved matrix for immobi-
lizing photosensitizers.

A variety of organic sensitizers have been studied in
.-!bth monomeric and polymeric forms (3). For certain sen-
Jtizers, the polymeric forms have been found to be decid-
edly inferior. Most notable among these are the polymeric
counterparts of benzophenone and acetophenone. The poor
performance of these polyrners has been tentatively as-
cribed to competitive hydrogen abstraction from the poly-
mer backbone. For other polymeric sensitizers, however,
efficient sensitization, equalling or exceeding that of the
monomeric counterpart, has been achieved. Most atten-
tion has been directed at the graft copolymer of N, N-
dimethylaminobenzophenone and polystyrene. For this pol-
ymer (Polymer N) we hove examined the effects of cross-
linking, extent of functionalization, solvents, polymer
pore size, and dependence on norbornadiene concentration.
High quantum efficiencies have been observed for polymer
N over a wide range of experimental variables.
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We have observed a gradual deterioration of Polymer
N In our recycling experiments. At present we do not hove
sufficient Information to speculate on the nature of the de-
composition.

Our recent investigation involving the discovery of
new classes of photosensitizers has been concentrated on
thiocarbonyl derivatives. Very inefficient sensitization
has been observed for thiobenzophenone and di-t-butyl
thio ketone. We are currently involved in the syntheses of
a series of thio esters, the most promising candidate of
which is O-ethyl-1 -thionaphthoote (4).

We have recently begun preliminary experiments in-
volving the functionalization of glass surfaces as a means
of immobilizing our sensitizers. The principal reasons for
exploring this aproach involve an expected decrease in
reflected light for the glass surfaces (n contrast to poly-
me.ic surfaces) and a higher degree of stability of the sen-
sitizer.

b. Inorganic Sensitizers

We recently reported the first detailed studies of the
transition metal sensitized conversion of norbornadiene to
quadricyclene (5-7). Thus simple CuX salts (X is CI, Br,
I, or C2 F O ) and phosphine containing compounds such as
Cur P(C 6H5 )12 BH4 and Cuf P(C 6H5 )2CH3 13 BH4 were found to
be quite of active sensitizers when excited with 313 nm
radiation. The lack of absorption of longer wavelength
I fight, however, severely I imits the usefulness of these com-
pounds in a practical energy storage system. For this rea-
son, our recent strategy in designing Cu(I) sensitizers has
centered upon the incorporation of a strongly absorbing
chrotoophore into the sensitizer molecule. Tetrameric
f CuXP%f 4 clusters, for example, are cleaved by hetero-
cyclic nitrogen bases to form colored complexes of the
type CuXP%(N-N)(typically X is CI, Br, 1 1 R is an alkyl
or aryl group; N-N is 1,10-phenanthroline or 2, 2'-bipy-
ridine). By employ ing bulkyy R substituents (e.g. n-butyl),
it should be possible to (abilize Pfd toward substitution by
other ligands present in solution while retaining the
Cu(N-N) chromophore. This raises the possibility if pro-
ducing an (N-N)XCu-NBD complex which is strongly ab-
sorbing in the visible wavelength region. Absorption of a
photon by this complex may then result in the conversion
of norbornadiene to quadricyclene, in analogy to the situ-
otion which obtains for simple CuX sensitizers (6).

We have recently discovered that certain transition
metal compounds containing ligands with delocalized n
systems can function as very effective sensitizers. In par-
ticular, f Ir(bipy)2 (OI.12)(bipy')j 3 (Structure 1), whose

N^

(N ® Ir ®O^ H

I	 H

^1sl

absorption spectrum appreciably overlaps the wavelength
region of available solar radiation, sensitizes the conver-
sion of NBD to Q with a quantum efficiency of -0.7 (70al)
when irradiating with 366 nm light. Another attractive
feature of this compound (or any charged sensitizer) is the
ease with which it can be immobilized onto a polymeric
support. We have recently prepared a sulfonated resin
using macroreticular (20,1„ crosslinked) styrene-divinylben-
zene copolymer beads. Immobilization is accomplished by

equilibrating a solution of f Ir(bipyy (OH2)(bipy')]4'3 with
the resin. Quantitative studies concerning the effects of
various parameters (such as NBD concentration, percent
loading of the sensitizer on the polymer, polymer porosity,
etc) on the quantum efficiency of the polymer bound sen-
sitizer are underway.

111. CATALYST DEVELOPMENT

At the present time the following five major types oft
catalysts for the conversion of quadricyclene to norborna-
diene orn known: (I) rhodium (1) compplexes (8); (ii) pallo-
dium(li) complexes (8,9); (Iii) metalloporphyrins of iron(il),
cobolt(II), and nickel(II) 00); Cv) triphenyy cyyclopropenyl-
nickel complexes 01); (v) molybdenum dithiolotes such as
f (CF )2C2 S2 ]3M0 (i 1). Recently the latter two types of
catalysts, which were discovered during'an earlier phase of
this research program, have been studied in some detail.
In connection with the chemistry of triphenylcyclopropenyl-
nickel complexes a variety of new corn ounds of the stoi-
chiometries (C 6H6 )3C3 Ni4Cl and (C 6HN2C3 NiLCl have been
prepared and their catalytic activities examined for the
conversion of quadricyclene to norbornadiene. The most
active catalysts appear to be the previously reported 02)
carbonyl halides l (C 6H5)3C Ni(CO)X)2 (X =C1 and Br).
Substitution of the carbonyl groups by trivalent phosphorus
ligands appears to reduce or eliminate their catalyytic ac-
tivity. In the near future we plan to investigate by means
of phosphorus-31 n.m.r. spectroscopy the reactions of
I (C6H)3C3 Ni(CO)CI12 with various trivalent phosphorus
ligand^s in an attempt to characterize better the resulting
complexes and understand the reasons for their reduced
coWvtic activity.

The tri oval prismatic molybdenum compound
I (CFACAJ Mo 03) is highly active as a catalyst for the
conversion o quadricyclene to norbornadiene provided non-
coordinating solvents such as benzene or dichloromethane
are used. However, the catalytic activity is lost if coordi-
nating solvents such as methanol or pyridine are employed.
Studies of the electronic spectra of the resulting solutions
indicate that reduction of f (CF K2 52 13Mo to the corre-
sponding monoanion occurs in t ese latter solvents. A pure
sample of the tetraphenyylarsonium salt
I (C6H5)4AsIf (C F3)C2 S 13Mo of this monoonion 04) was
shown to be cotalytica ly inactive in benzene solution.

In connection with the development of new catalysts
for the conversion of quadricyclene to norbornadiene we
plan to investigate new types of coordinately unsaturated
metal complexes. A particularly interesting recently re-
ported possibility is the five-coordinate molybdenum (0) com-
plex (diphos)MoCO (diphos= KAVCH2CH21)(C6115)2)•

In a recyclable solar energy storage system it is neces-
sary to have the catalysts immobilized onto polymers. We
have developed polystyrene-anchored cobalt(II) tetroaryl-
porphyrin complexes which show considerable activity for
the conversion of quadricyclene to norbornadiene 0 5).
Such polymer-anchored catalysts undergo a slow loss of
activity upon repeated recycling in open systems. However,
such deactivated catalysts can be regenerated with reducing
agents such as titanium(lll) suggesting that this difficulty is
due to traces of ox Gen. An actual solar energy storage
device would be closed and therefore after the polystyrene-
anchored cobalt(II) catalyst removed the reactive oxygen
from the solution with some loss of the initial activity fur-
ther deactivation would not be likely to be serious. Fur-
thermore, these polystyrene -anchored cobalt ' catalysts
have such a high activity that considerable loss of activity
could occur before the activity become too small for the
catalyst to be useful.

We are now interested in exploring possible modiifica-
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tions of the cobalt tetroarylporphyrin catalyst to reduce
the susceptibility towards this troublesome deactivation
through oxidation. The first thing that we plan to try is
the synthesis of polystyrene-anchored cobaltpl) phtholo-
cyonine catalysts in order to compare the susceptibility of
the phtholocyanine and tetmorylporphyrin systems towards
loss of activity through oxidation. After we have funda-
mental Information on the catalytic activity of the poly-
styrene-onchored cobalt(II) phtholocyanines as well as the
polystyrene-anchored cobalt (11) tetrearylporphyrinsdis-
cussed above, we can then decide which of the two types
of systems are most suitable for further development.

IV. RECYCLING STUDIES

Sensitizer and catalyst candidates which appear to
function cleanly and efficiently on the basis of single nuns
may prove to be unsatisfactory upon numerous repetitions
of the energy storcge-energy release steps. For this reason
it is of prime importance to test the long term stability of
the chemical components of the system. Toward this and
we have constructed the small scale recycling apparatus
pictured in Figure i . The unit operates in alternating
modes as follows:

Energy Storage

NBD in the storage vessel is circulated by means of a
pump (foreground, middle) to the photoreactor which
consists of a circular tube containing a polymer immo-
bilized sensitizer. Light from a bank of lamps is ab-
sorbed by the sensitizer, which subsequently interacts
with NBD and converts it to Q. The newly formed Q
is then returned to the storage vessel.

Energy Release

By switching a valve, Q can be routed from the storage
vessel to the reversion reactor which contains a stain-
less steel U-tube filled with a polymer immobilized
catalyst. Upon exposure to the catalyst, Q is rapidly
reconverted to NBD with the release of heat. (Since
the U-tube is immersed in water, the amount of heat
released is readily determined by measuring the rise
in temperature of the water.) NBD is then returned to
the storage vessel where it can be routed through an-
other energy storage step.

The long-term performance of promising sensitizer and
catalyst candidates is currently being tested in this appara-
tus. The information obtained from these studies should be
valuable in suggesting improvements in the design and func-
tioning of the energy storage system.
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Fig. 1 . Recycling apparatus to test the N6D-0 energy storage system
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NASA EXPERIENCE WITH GASEOUS HYDROGEN

Ray Hagler, Jr.

Jet Propulsion Laboratory
California Institute of Technology

Pasadena, California

ABSTRACT

A survey of NASA agencies and private companies who have had
experience with gaseous hydrogen facilities was conducted by JPL during
FY'77. This report identifies facility capability and attempts to assess
the current status of the equipment. The majority of the hydrogen
experience was found to cluster within the agencies and companies who
have been active in the LH 2/LOX Rocket Engine Programs (Apollo, Centaur,
and Space Shuttle).
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I. Introduction

The Interagency Agreement between ERDA and NASA
(EC-77-A-31-1035) requires NASA to document related
technologies and identify existing facilities that
have been utilized during recent NASA programs for
the transmission and distribution of gaseous hydro-
gen (6112). A plan for the accomplishment of this
data-gathering process was devised and executed as
follows:

1. A list (Table 1) of NASA agencies and
private companies who have had experience
witi. gaseous hydrogen facilities was
established. Most of the expertise was
determined to be clustered within the
LH2/LOX Rocket Engine Programs (Apollo,
Centaur, and Space Shuttle) wherein GH2
was used for propellent (LH2) tank pres-
surization, manifold purging, and com-
ponent testing.

2. A telephone contact was made with a know-
ledgeable individual (Table 1) at each
location. A letter stating NASA goals and
indicating the desired information was
sent to each individual.

3. When appropriate and possible, a personal
visit to each location (Table 1) was
arranged to personally review collected
data and inspect existing facilities.

The data-gathering process took place during April,
May, and June of 1977.

II. Summary

NASA agencies and their predecessors have had a
long association with hydrogen. The unique pro-
perties of this lightest element have been exploited
In a wide spectrum of uses which range from buoyancy
for airships to fuel for the large booster rockets
which launched the Apollo spacecraft. During these
many programs, NASA has conclusively demonstrated
that gaseous hydrogen (CH2) canbe safely contained
and stored at pressures as high as 15,000 prig and
safely transported by pipelines (manifolds) from
the storage sites to the areas where required for
use. Whereas most of the GH2 manifolds are consi-
derably shorter and smaller than conventional,
natural gas pipeline lengths and diameters, the
results from the NASA GH2 experience should be
directly applicable to any storage and distribution
network. With the exception of conventional "K"
bottles and "tube" tanks, most of the GH2 storage
and transmission systems are pressurized to maxi-
mum operating pressures only during usage periods
which, generally, represent a small fraction of
the total time that these systems have been in
existence. During standby periods between opera-
tions, the systems are usually maintained with pad
pressures of only a few atmospheres. Control com-
ponents for GH2 systems with operating pressures
less than 5000 psig are readily available but com-
ponents for higher pressure systems must be selected
with care to ensure satisfactory performance.

III. Discussion

Pressure Vessel® (Tanks)

A laminated-wall pressure vessel using a liner or
Inner section of compatible, austeAtic stainless
steel (ORES) or mild steel (A.O. Smith Type 1146a)
can be considered the standard for the storage of
larger quantities of GH2 at high pressures. The
A.O. Smith laminated tank design using Type 1146a
steel for the inner lamina is in general usage by
NASA and private companies at GH2 pressures below
5000 prig. One bank of six of the 15,000 psig-
rated, A.O. Smith design tanks is in derated service
at NASA-MSFC for GH2 pressures as high as 10,000
prig. Another group of five of these A.O. Smith
design tanks was built with 304L CRES liners by
Chicago Bridge and Iron Co. for Pratt and Whitney
and are used at 012 pressure as high as 10,000 psig.
Rocketdyne has many laminated, low-carbon steel
tanks in servic ..^ at pressures which range from 2000
to 5000 prig, at.d, in addition, has installed 316L
CRES liners insf .de 4-foot diameter, 10,000 psig-
rated, laminated tanks to upgrade GH2 storage capa-
bility to 15,000 psig for their test facility at
Santa Susanna. Operating pressure In these larger
tanks is maintained only when needed for testing of
rocket engines and control components. Whereas the
tanks are repeatedly pressurized to the operating
pressure, the total time that this pressure is
maintained is only a small portion of installed
lifetime.

Smaller quantities of GH2 are conventionally stored
in banks of "K" bottles and "tube" tanks at pres-
sures as high as 6000 psig. These tanks utilize
seamless construction techniques and are made from
mild steel; usually Type 4130. The operating pres-
sures are maintained for lengthy periods of time
and the tanks are periodically refilled. The levels
at which these seamless tanks are stressed during
operation are well below the yield strength of
Type 4130 steel and appear sufficiently low to pre-
clude problems from interaction with the high pres-
sure GH2 that they contain.

Ore group of ten ;tube" tanks (18 inches OD) was
built by U.S. Steel for use at the National Space
recbnology Laboratory in Bay St. Louis, Mississippi
for ar operating pressure of 10 ,000 psig. At this
time, thn tanks hgve been tested and used with
helium but have not been used with GH2.

Manifolds

NASA routinely uses austenitic stainless steels
(CRES) for distribution manifolds at pressure
levels below 10,000 psig, and mild steel (A106B;T1)
at pressures below 5000 psig. The longest manifolds
are only several thousand feet in length. Highest
pressure (15,000 psig) manifolds are made from Type
21-6-9 CRES. Low-carbon content CRES (304L, 316L)
is used when manifolds are joined by welding.
Post weld heat -treatment of the welds in mild steel
manifolds is desirable to eliminate weld-induced
stresses. Commercial connectors (Grayloc, Auto-
clave, Swagelok, and MS flared (37-1/20) type are
considered satisfactory for mechanical joints.
Copper, aluminum, and nickel cone seals are used
with the 37-1/2 0 flared connectors. Teflon -coated
(TFE).sealing rings (Grayloc) and CRES/TFE (F1exi-
tallic) spiral gaskets are used in commercial flanges.
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Some manifold fabrication procedures prohibie bend-
ing of the tubing to ensure that associated cold-
working and deformation do not affect material
properties when containing GH2. Since most mani-
folds have some beads in the tubing, the "no-bend"
criteria appears overly restrictive but it does
Indicate the desirability for minimizing material
deformation during assembly of GH2 systems.

Components

Commercial components have proven reliable either
"as designed" or with minor modifications for GH2
systems with pressures less than 5000 prig. TFE,
Kel-F, Nylon, and Vespel have proven satisfactory
for seat seals with no more restraints than those
normally observed when designin.g . for the seal load-
ing inherent with high pressure applications.
Metal-to-metal "hard" seats are generally used for
the higher pressure applications. TFE "chevron"
seals have been proven satisfactory for stem seals
and normal elastomers (Butyl, Neoprene, Viton, etc.)
have been used for "0" rings in the lower pressure
systems. Some problems have been experienced with
the shafts and shaft seals of commercial valves in
10,000 psig systems. Rocketdyne has designed and
fabricated "ball" valves for minimum flow resistance
In the 15,000 psig system at Santa Susanna. A
routine practice involves the use of helium for the
pressurization of dome-loaded GH 2 regulators. Gages
should incorporate austenitic ORES Bourdon tubes.
Pressure transducers should incorporate austenitic
ORES sensing membranes.

Compressors

The diaphragm-type compressor (Corblin) can be con-
sidered the standard for compressing small quanti-
ties of GH2 to pressures as high as 10,000 psig.
One company, Rocketdyne, uses conventional (piaton-
type) compressors to stage GH2 pressure from 80 to
15,000 psig. The more universal method for obtain-
ing pure GH2 at high pressure is to pressurize
liquid hydrogen to some.intermediate pressure and
gasify at that pressure to supply GH2 to the auction
side of the high-pressure compressor. Facilities
which have no compressors utilize banks of "K"
bottles or "tube" tanks, usually on trailers, to
supply high-pressure GH2 to the test setups.

Safety
Lockheed Research Laboratory

J

at large pressure differentials can ignite the
released hydrogen.

IV. Facilities

Aerojet Liquid Rocket Company

The Aerojet Rocket Teat Facility at Sacramento,
California, has had extensive experience with GH2
and has the capability to operate GH2 systems at
pressures up to 10,000 prig. Two GH2 systems
utilize conventional ORES manifolds with welded or
mechanical joints. Carbon steel tanks with ORES

liners are used to store approximately 60 cubic
feet of high-pressure GH2. A high-pressure,
diaphragm-type compressor is used to increase the
GH2 preaaure from a storage trailer pressure
(2200 psig) to the desired test pressure (10,000
psig; maximum). Conventional control components
are used throughout the systems. Both systems are
operable but neither is presently being used for
hydrogen service.

Boeing Company

The Boeing Tulalip Test Facility at Marysville,
Washington, has the capability to test materials in
a GH2 environment at pressures up to 10,000 psig.
This facility utilizes conventional small-diameter
ORES manifolds and control components which are
joined by mechanical fittings. The system is
utilized intermittently and is disassembled and
stored when not in use.

General Dynamics/Convair

The GD/Convair Sycamore Canyon test site at San
Diego, California, is used for component and sub-
system testing with LH2 or GH2. Stored LH 2 is
compressed, gasified, and stored as GH2 at 2000 psig,
in A.O. Smith type, laminated tanks. The manifolds
and control components are conventional CRES with
both welded joints and mechanical fittings. The
GH2 system is presently being operated as designed
and has provided satisfactory service for eight
years.

Safety precautions are necessary because of the
flammability of hydrogen. Due to-the low specific
gravity of GH2, air or GN2 ventilation is usually
adequate to ensure that GH2 concentrations associ-
ated with small leaks or permeation are kept below
the ignition limit. Vent stacks are used for dis-
position of larger quantities of GH2 associated with
manifold purging or the relieving of system pressure.
Some vent stacks incorporate propane burners but
burning is optional in open areas. Explgsion-proof,
electrical wiring should be utilized for facility
electrical distribution circuits but this practice
.,.s not always compatible with instrumentation
circuits. Ventilation can be utilized to ensure
that instrumentation containers do not accumulate
flammable concentrations of GH2.

The major safety considerations for GH 2 are those
associated with any high-pressure gas. One futther
precaution precludes direct venting of high-pressure
GH2 to ambient air. The heat generated by the shock

The Lockheed Palo Alto Research Laboratory operates
LH2 and GH2 test facilities at Palo Alto, California,
for thermal properties evaluation and at Santa Cruz,
California, for hot-gas generation which is used in
ascent/re-entry simulation testing. The Palo Alto
GH2 systems are used to control boil-off gases from
LH2 containers under test. These systems use con-
ventional CRES manifolds and control components
which are joined by mechanical fittings. Operating
pressures are only a few torr above local ambient.
The Santa Cruz system is used to feed GH2 at 2500
psig and -320°F to a GH2/LF2 burner where hot gas is
generated and directed at test materials to simulate
the heating that the materials will experience dur-
ing the ascent or re-entry phase of missile flight.
This GH2 system uses conventional CRES manifolds and
control components which are assembled by welding or
Grayloc mechanical fittings. The control components
are specially designed for capability to perform at
-320°F. The system is presently operable.
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Martin Marietta/Denver Division	 were used for the Nerva program are still applicable
to present day technology.

The Martin Marietta Hazardoua Kest Facility at
Denver, Colorado, has operated 011 2 teat systems at
pressures up to 3000 prig on an intermittent basis
?or testing rocket engines and control components.
The systems were assembled from conventional CRES
manifolds and control components using mechanical
fitting©. The systems were assembled when needed
for test and subsequently dismantled and stored.

NASA-Johnson Space Center

The JSC Test Faci.tty at Clearlake, Texas, is utili-
zed for fuel cell (GH2/GO2) operation. Ultrapure
GH2 is delivered in "tube" tank trailers and regu-
lated to desired system pressure of approximately
60 prig. The GH2 system is assembled with conven-
tional CRES manifolds and control components using
mechanical (AN flared) fittings with nickel cone
seals. The system is operable and has been in
existence for approximately two years. JSC also
has the capability for materials compatibility
studies in GH2 environments as high as 1000 psig.
This test setup is used on an intermittent basis
when needed for materials evaluation. GH 2 is fur-
nished from "K" bottles and regulated to desired
system pressure. Construction of the compatibility
test system is similar to the fuel cell test system.

NASA - I .F. Kennedy Space Center

The KSC facility at Cocoa Beach, Florida, furnishes
G112 at 6000 psig to the Shuttle launch pad where the
pressure is regulated dorm to the desired pressure
for use in the GH2/GO2 fuel cells. The GH2 is
stored in seamless U.S. Steel tanks until needed for
cell operation. The GH2 system is assembled with
conventional CRES manifolds and control components
using mechanical fittings. The JFK assembly pro-
cedure does not permit bending of the manifold
tubing. The manifold is constructed of 2 inch OD x
3/16 inch wall Type 316 CRES tubing and is approxi-
mately 1800 feet long. The system is operable and
will be used for Shuttle launches.

NASA - Langley Research Center

LaRC has two GH2 facilities in Hampton, Virginia;
one system is used for supersonic combustion studies
for ramjets, and the other system is used to feed an
expansion tube for hypervelocity testing. The GH2
for the ramjet combustion research system is stored
in a 2400 psig "tube" tank trailer and regulated
down to 720 psig for burner operation. The main
manifold is conventional carbon-steel pipe (3 inch
OD; schedule 40) joined by welding and mechanical
fittings. Smaller manifolds and control components
are conventional CRES which are joined by mechanical
fittings. The ramjet test fa ility is operable and
in daily use. The GH 2 for the expansion tube system
was stored in "K" bottles and fed to the 5000 psig
system as needed. The system was assembled with
conventional CRES manifolds and control components
using superpressure mechanical fittings. This sys-
tem was dismantled and stored in 1973.

In addition to current GH2 effort, LaRC provided an
interesting, historical background from the Nerva
program which was terminated in 1972. The Nerva
concept used GH2 to cool a nuclear reactor. After
coaling the reactor, the heated GH2 was expelled
thdo ,agh a nozzle to produce thrust. Much of the
data about materials and control components which

NASA - Lewis Research Center

The LonC 6112 facility at Cleveland, Ohio, is used to
test rocket engines. Stored L112 is pressurized and
gasified to provide 4000 prig GH2 which is stored in
a bank of low-carbon steel tanks. Approximately
feet of low-carbon steel pipe (4 inch OD; sche&
XX) is used to manifold the tanks. The primary
system manifold and the control components are
constructed from conventional CRES and the system
is assembled with welded and mechanical joints. The
system is operational and is currently being used
for testing rocket engines.

NASA - Marshall Space Flight Center

MSFC has a multipurpose test facility at Huntsville,
Alabama, which consists of over 2 miles of 1.5 to
3.0 inch OD carbon-steel and CRES pipe and 40 pres-
sure vessels capable of storing approximately
3,000,000 cubic feet of GH2 at operating pressures
ranging from 3100 psig to 10,000 psig. All GH2
storage tanks are the A.O. Smith design, laminated
construction. The GH2 facility was developed to
test rocket engines and rocket engine components
for the Apollo boosters and the Shuttle main rocket
engine programs. The GH2 is used to purge the fue
(LH2) tanks and manifolds prior to loading and used
for tank pressurization after loading. MSFC uses
welding for joining manifold pipes of similar
materials and uses Grayloc fittings for the mechani-
cal joints between dissimilar materials and for
control component installation. All carbon-steel
manifolds have been derated from 5000 to 3100 psig
to account for the effects of contained hydrogen.
The 5000 psig-rated manifolds are constructed from
Schedule 160; Type 304 CRES. The 10,000 psig-rated
manifolds are constructed from heavy-wall, Type 304L
CRES. The facility is fully operable and will be
vf ,ed for verification of Shuttle components.

1 -att and Whitney Aircraft, Government Products
Division

The Pratt and Whitney (P&W) facility in blest Palm
Beach, Florida, is utilized to test LH 2/LOX rocket
engines and components. Development of this
facility was started during the late 50's and has
been expanded and used continuously since that time
for the Centaur RL10 engine program and for research
and development of several other rocket engines
(including Shuttle) and related components. The
facility routinely compresses LH2 to desired pres-
sures and gasifies at that pressure for GH2 in the
range from 3000 to 5000 psig. Higher pressure GH2
(up to 10,000 psig) is obtained by compressing the
5000 psig GH2 with a diaphragm-type compressor.
Lower pressure GH2 (less than 3000 psig) is obtained
by regulating down from the 3000 to 5000 psig
storage tanks. The Air Force originally supplied
LH2 to the facility from an on-site liquification
plant which is presently inactive. LH2 is now
transported by truck, as needed, from New Orleans,
Louisiana. P&W stated that the basic facility would
probably remain intact but the high-pressure
(10,000 psig) system was scheduled for dismantling
because of their loss of the Shuttle main rocket
engine competition.

The basic facility capability would be available
for any GH2 testing including component and
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materials evaluation. The PSW low-pressure GH2
facility utilizes laminated low-carbon steel tanks
for storage of 730,000 cubic feet at 3150 psig and
275,000 cubic feet at 5500 psig. The high-pressure
system uses CRCS liners in A.O. Smith design, lami-
nated tanks to store 1,200,000 cubic feet of GH2 at
9300 psig. The manifolds for the loss-pressure sys-
tem are low-carbon steel with welded and mechanical
(Grayloc) joints. Any branches from the basic mani-
folding are usually ORES tubing with mechanical
joints. The control components for the low-pressure
sy„tem are CRES with mechanical joints (Grayloc)
for installation. The high-pressure manifold and
all control components are conventional CRES with
welded joints whenever possible.

Rockwell International - Rocketdyne Division

Two Rocketdyne facilities were visited; the Main
Propulsion Test facility (Santa Susanna) in Cali-
fornia and the Shuttle Rocket Engine Test facility
at NSTL, Bay St. Louis, Mississippi.

The Santa Susanna Laboratory has the most extensive
GH2 capability of any identified during Lae survey.
The facility has 124 tanks for GH2 storage in the
pressure range from 3000 to 5000 psig and 11 (7
active) tanks for GH2 storage at pressures as high
as 15,000 psig. Three low-pressure (approximately
80 psig) tanks with a combined volume of 258,000
cubic feet are used for recovery of GH2 after pass-
ing through the test manifolds at the various test
stands. Appropriate piston-type compressors are
used to stage the GH2 from stored pressure (80 psig)
to the desired test pressures (3000 to 15,000 psig).
The low-pressure tanks are fabricated from low-
carbon steel. Lami n ated tanks are used for the
5000 psig rated tanks and for some of the 3000 psig
rated tanks. The balance of the 3000 psig rated
tanks are welded, A212; grade B, low-carbon steel.
The manifolds for all systems with pressures less
than 5000 psig are low-carbon steel with welded
joints for permanent connections and mechanical
fittings (Grayloc) for test branches. Most of the
test manifolds and all control components are con-
ventional CRES with mechanical joints for
installation.

The highest pressure (15,000 psig) system manifolds
and control components are fabricated from Type
21-6-9 CRES. The manifolds are from one to six
inches ID with appropriate wall thickness to with-
stand the 15,000 psig pressure. All manifold
joints are welded and Grayloc fittings are used for
installation of the control components. Rocketdyne
fabricated the ball-type valves which are used in
the two- and six-inch ID manifolds to minimize
pressure-drop during flow. The balance of the
valves are commercially available with only the
necessary modifications for use in high-pressure
hydrogen. All valves are remotely operated by a
control system using 3000 psig, hydraulic-fluid
actuators. The GH2 systems are all operable at
this time but some uncertainty as to future usage

may lead to dismantling and some of the capability
could be lost.

Rocketdyne is testing the Shuttle main engine (LH2/
LOX) at the A2 test stand at the National Space
Technology Laboratory in Bay St. Louis, Mississippi.
The GH2 for this testing is furnished from a cen-
tral location where L112 is pressurized to 2500 psig
and gasified at that pressure and stotad in tanks
until needed at the test stand. A 1.5 inch OD,
Type T1 steel manifold is used to transport the G112
from the central "tank farm” to the test stand.
The GH2 is regulated down to desired pressure for
fuel (LH2) system purge (before filling) and tank
pressurization during the rocket engine firing. A
diaphragm-type compressor and ten 18-inch OD "tube"
tanks to provide GH2 at 10,000 psig are on-site if
needed for cooling instrumentation. To date, this
system has only been used for storing helium since
the requisite high-pressure GH2 for transducer
cooling is being bled from the rocket engine mani-
fold during operation.

Rocketdyne International - Space Division

Two spa_e division GH 2 facilities were visited; the
Controi Components Test laboratory in Downey,
California, and the Main Propulsion Test facility
at the National Space Technology Laboratory in Bay
St. Louis, Mississippi.

The test facility in Downey has the capability to
operate with GH2 at pressures up to 2500 psig and
at temperatures from -420 to +100°P. Manifolds
range from 0.25 to one inch OD and are constructed
from aluminum or conventional CRES using mechanical
fittings and flanges.

Space Division has had significant experience with
conventional components in gaseous hydrogen service
which indicates that the major precautions neces-
sary with the use of aerospace-quality components
involve safety considerations for the high-pressure
and the flamability limits. Two secondary pre-
cautions require the use of austenitic CRES for
highly-stressed membranes and bellows and the
m'nimum use of elastomers when permeability is a
concern. Acceptable elastomers for hydrogen ser-
vice include Buna "N", Neoprene, Viton, Teflon and
Vespel. The use of metal (copper, aluminum, CRES,
nickel, etc.) is preferred when possible.

Space Division GH2 systems are assembled when
required for test and dismantled and stored between
periods of usage. The GH2 for testing is contained
in "K" bottles until needed for testing. After
testing, the GH2 is burned in vent stacks.

The NSTL facility is used to test the integrated
tanks and main rocket engines for the shuttle.
The facility uses LH2 for fuel to the rocket engine
but uses helium for purging and pressurization.
The only GH2 system is the vent system for disposal
of the vapors.

133



Table i

GASEOUS HYDROGEN FACILITIES

Facility	 Contact

Aerojet Liquid Rocket Co. Richard Simonson (FTS) 454-2408
P.O. Box 13222 Dept 1280
Sacramento, Calif.	 95813 Bldg. 3308

Boeing Company Norman Wise (206) 342-2121
Tulalip Test Site Site manager	 Ext. 261
3202 116 Street HE
Marysville, Washington	 98270

General Dynamics "Bob" Tuttobene (FTS) 891-8900
Convair Division 42-6611	 Ext. 2276
P.O. Box 80847
San Diego, Calif. 	 92138

Lockheed George Cunnington (FTS) 493-4411
Palo Alto Research Laboratory 5232	 Ext. 45136
3251 Hanover Street Bldg. 205
Palo Alto, Calif. 	 94304

Martin Marietta Corporation C. A. Hall (FTS) 329-0111
Denver Division 0480	 Ext. 4049
P.O. Box 179
Denver, Co.	 80201

NASA Clarence Propp (FTS) 525-4991
Johnson Space Center EP 6
Houston, Texas	 77058

NASA W. H. Boggs (FTS) 823-3626
John F. Kennedy Space Center DE-A NASA
Florida	 32899

NASA R. D. Witeoffski (FTS) 928-3838
Langley RC 249A
Hampton, VA	 23665

NASA J. W. Gregory (FTS) 294-6644
Lewis RC 500-318
2100 Brook Park Road
Cleveland, Ohio	 44135

NASA W. D. Powers (FTS) 872-2813
Marshall Space Flight Center PS03	 892-2817
Redstone Arsenal, Ala	 35812

NASA Ray Hagler (FTS) 792-3970
Jet Propulsion Laboratory 125/224	 792-3941
4800 Oak Grove Drive
Pasadena, Calif.	 91103

Pratt and Whitney Aircraft J. A. Daley (305) 844-7311
Government Products Division B 52	 Ext. 3613
P.J. Box 2691
W. Palm Beach, Fla.	 33402

Rockwell International "Bob" Davis (FTS) 984-2582
Rocketdyne Division EB06
6633 Canoga Ave
Canoga Park, Calif. 	 91304

Rockwell International R. J. Smutay (FTS) 494-3026
Rocketdyne Division; NSTL
A2 Test Stand
Bay St. Louis, Miss 	 39629

Rockwell International "Jim" Liston (FTS) 985-2653
Space Division CA 04
12214 Lakewood Blvd
Downey, Calif.	 90241

Rockwell International John Plowden (FTS) 494-3555
Space Division; NSTL 2M01
Mississippi Main Propulsion Test
Bay St. Louis, Miss	 39629
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Abstract

The Institute of Gas Technology is conducting an
experimental program to identify problem areas that
could occur with the use of conventional natural gas
distribution equipment in hydrogen service. Funded
by DOE, there are 15 manufacturers and gas distribu-
tion companies which are participating by loaning or
donating equipment and services. Three model test
loops have been constructed and are operational: a
Residential/Commercial Loop with smaller sized com-
ponents, an Industrial loop with larger sized compo-
nents, and a small test loop for special (created)
leakage tests. We are measuring flow rates and en-
ergy delivery, and leakage rates, and we will note
apparent problems in materials compatibility. Base-
line data on natural gas operation are just becoming
available.

Introduction
r
1

This program Is part of a multi-year effort to
supply needed information about hydrogen delivery in
natural gas distribution equipment. The overall pro-
gram will identify operating, safety, and materials
problems associated with the use of hydrogen in con-
ventional distribution systems. One of the major in-
centives behind (nonfossil-based) hydrogen as a future
supplement and eventual replacement for natural gas
is the expectation that the existing gas delivery sys-
tem can be used without major modifications. This is
primarily a financial incentive for the continued de-
livery of energy in the form of fuel gas. The em-
bedded capital investment in the gas distribution in-
dustry now exceeds 20 billion dollars, and this in-
cludes over 650,000 miles of distribution mains which
carry gas to about 45,000,000 customers. Further,
most equipment and lines now being installed are ex-
pected to last 50 years or longer. If it is practical
to carry hydrogen safely in this existing gas distri-
bution equipment, then hydrogen to indeed an attrac-
tive form for energy delivery in the future. If mod-
erate problems are identified, then we have suffi-
cient time now to define and develop "fixes" or al-
ternative operating procedures. If, however, serious
problems are found, then other alternatives (besides
hydrogen) must be weighed against major system modi-
fications.

Construction of Test Loops

After site facility preparation, IGT proceeded
during 1977 to construct three model test loops using
equipment loaned or donated by 15 manufacturers and
gas utility companies. The 15 companies that are pro-
gram participants (along with the DOE) are listed in
the Appendix to this report. We estimate that these
organizations have donated collectively over $35,000
worth of equipment and services to this program. .The
three test loops have been constructed in general ac-
cordance with the (simplified) diagrams presented in
last year's report to this conference. ) All construc-
tion was dons in accordance with gas industry proce-
dures and requirements, in fact, a field construction

voider Peon Northern Illinois Can Co. voided the neces-
sary steel joints with standard field equipment. All
subossemblies were leak tested prior to intsgration
Into a total assembly or test loop. Each subloop and
loop were then further leak chocked.

Residential/Commercial Test Loop

The Residential/Commrcial model loop consists
of four subloops and a bypass. The pipeline materials
of construction are 1) steel, 2) copper, 3) plastic
(high-molecular-weight. high-density polyethylene).
and 4) cost iron. This model contains compcnent3 and
equipment normally installed in typical residential
and/or commercial service. Figure 1 is a photograph
of the completed Residential/Commercial test loop.
In operation, a single-stage compressor foods 15 SCF/
min of natural gas or hydrogen to the model at a pres-
sure between 60 and 65 psig. Ths compressed gases
pass through an aftercooler to-reduce gas tempera-
ture to ambient and then through a surge tank to dam-
pen pulsations. A regulator reduces pressure to about
50 to 60 psig, simulating pressures in the distribu-
tion mains and the service lines to commercial or
residential consumers. In the case of cast-iron sub-
loop, the pressure is reduced further by another pres-
sure regulator to 6 inches water column. At the simu-
lated building line (that is, the termination of the
service line), the distribution pressure (50 to 60
psig) is reduced further by a service regulator to
6 inches water column. The gases then pass through
a gas meter to the inie. )f the compressor and are
recompressed and recycled. Flow is controlled and
proportioned through the subloops with valves and
the bypass.

Industrial Test Loop

The Industrial model consists of one loop and
a bypass. The pipeline material is steel. This
model contains components and equipment normally in-
stalled in typical industrial service. Figure 2 is
• photograph of the Industrial model. In operation,
• two-stage compressor feeds 15 SCF/min of natural
gas or hydrogen to the model at a pressure between
170 and 175 psig. The compressed gases pass through
an aftercooler to reduce gas temperatures to ambient
and through a surge tank to dampen pulsations. A
line regulator installation reduces the pressure to
60 psig, simulating pressures in the distribution main.
Another regulator downstream, in series, rsducti the
pressure further to 8 psig, simulating the ois,:ating
service pressures of'industrial components. The gases
then pass through several industrial gas motors (for
example, diaphragm, rotary, or turbine) coviected in
series, to the inlet of the compressor. am l are re-
compressed and recycled. Flow is controlled and pro-
portioned with valves and the bypass.

Safety Test Loop

The Safety Test model consists of one loop with
a leak zone and a bypass. The leak zone provides a
space for testing and defining problems associated
with mechanical or corrosion leaks, lack clamps, and
ruptures. The pipeline material to steel except at
the leak zone. Figure 3 It a phbtograph of the Safety
Test model. In operation. a single-stage compressor
feeds 10 to 15 SCF/min of natural gas or hydrogen to
the Safety Test model at a pressure between 50 and 60
psig. The comproReed gases pass through an aftercooler
to reduce gas temparatures to ambient and through a
surge tank to dampen pulsations. The gases then pass
through the experimental setup in the leak zone to the
Inlet of the compressor and are recompressed and re-
cycled. If excess leakage In a problem. the gas flow
will terminate in the teak zone and the gases will be
vanted to the outdoors.
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S ecial_lfemaueamient Procedures

The three reciprocating piston compressors were
installed to recycle and compress natural r,as and/or
hydrogen to the operating design conditions of the
model test loops. The Residantial/fd^mercial loop
and the Industrial loop have asch btcn operated for
about two weeks to gain baseline date on flow and
leakage with natural gas. Hessurcments with hydro-
gen are now beginning for the Industrial loop.

As the gases pass through various regulators
or stations in the two major loops. the operating
pressures are reduced from the feeder main (150 to
200 pal). to the distribution main (50 to 60 psi).
and to the point of service (5 to 10 psi for Indus-
Wei and 6 to 10 inches water column for Residential/
Commercial). Meters are installed either in series
or in controlled subleops so that comparative flow
measurement data (on natural gas and hydrogen) can be
taken. At a simulated building line, the Eases arc
filtered, recompressed, and recycled to the loops.
The Residential/Commercial and the Industrial models
are designed to operate continuously, whereas the
Safety Test model will operate intermittently. Using
local pressure and temperature measurements, all gas
flows are reduced to gas industry standard cubic foot
(SCF, 60% 1 atm).

Eleven components (couplings, unions, a pressure
regulator, a flow meter) were enclosed with shoot
metal or Plexiglas enclosures to monitor and compare
leakage of natural gas and hydrogen from these spoct-
fic components. Figure 4 1s a photograph of a pres-
sure regulator sealed in a Plexiglas enclosure. Volu-
metric displacement and gas analysis (by gas chroma-
tography or mass spectrograph) were the methods se-
lected to measure the leak rates of these components.

Total system leakage is being determined by mea-
suring makeup gas additions to the high-pressure side
of the test loops (after the compressor). The makeup
gas quantities are being determined by pressure decay
from calibrated cylinders.

A 40-hour shakedown test was performed with the
Residential/Commercial and Industrial models at de-
sign conditions using nitrogen gas. The systems op-
erated satisfactorily, and leak rates of the compo-
nents and model were characterized. During this op-
eration it was again assured that the systems and the
individual components, fittings, and connections met
industry requirements for leak-tightness.

Preliminary Results and Conclusions

Both the Residential/Commercial model loop and
the industrial model loop have suffered excessive
compressor gas leakage problems. The compressors
are reciprocating piston machines with Teflon rings
and Teflon dynamic seals for oil-free operation in
natural gas and/or hydrogen service. They were se-
lected over diaphragm models on the basis of costs
and delivery time. Both compressors have been ser-
viced by the supplier to replace the dynamic seals
(Residential/Commercial loop) and the head gasket
(Industrial loop). Natural gas leakage became quite
large after short compressor operating periods, and
the relatively large volume of lost gas obscured the
test loop leakage. In order to determine the leakage
of a test loop. the compressor leakage must be sub-
tracted from the combined system leakage.

Figure 5 presents simplified cumulative leakage
data for the Industrial loop over a 500-hour test with
circulating natural gas. This baseline test shows
three notable aspects of system leakage -

1. Compressor leakage apparently decreased with
time (possibly as rings and seals "wore in")

2. The model loop leakage rats is quite small.
about 0.07 SCF/hr

3. Loop leakage is relatively constant and no
significant new leakage appears to be devel-
oping with time.

Figure 6 presents simplified cumulative leakage
data for the Residential/Commercial loop over a 150-
hour test that is now 1n progress with circulating
natural gag. Although Incomplete, this test indi-
cates some similarities to leakage in the Industrial
loop, but the compressor is not behaving well.

1. Compressor leakage is continually worsening
(possibly the seals are failing; this compressor
will have to undergo further servicing)

2. The model loop leakage rate is quite small. about
0.12 SCF/hr

3. Loop leakage is relatively constant and no signi-
ficant new leakage appears to be developing with
time.

The data for individual component leakage are
currently being processed. Comparative flow meter
readings in the Industrial loop are presented below
(534-hour cumulative test on natural gas). All motors
are of a different brand (manufacturer); the mean value
of the average flow rates is 236.7 CF/hour.

Meter Type. Cumulative Average Flow T, Deviation

	

Capacity	 Reading, CF Rate, CF/hr 	 From Mean

Turbine,

	

4000 CF/hr	 124.718	 233.5	 -1.4

Diaphragm

	

1000 CF/hr	 129,678	 242.8	 +2.6

Diaphragm

	

1000 CF/hr	 115.250*	 235.7	 -0.4

Diaphragm

	

1000 CF/hr	 124.260	 232.7	 -1.7

Rotary
	3000 CF/hr	 127,513	 238.8	 +0.9

* Not included in test for first 45 hours; cumula-
tive reading and rate for 489 hours of service.

In the very near future we will be completing
the baseline natural gas tests on the Residential/
Commercial test loop provided that the compressor
can be made to operate with satisfactorily small
leakage rates. This loop will then be switched to
hydrogen for a 6-month period of operation. The
Industrial test loop is now undergoing the change-
over to hydrogen. At the end of the 6-month operat-
ing period, selected parts and components will be
examined to identify any apparent materials problems
or effects from the hydrogen exposure. It is hoped
that the test facility will be further utilized, be-
yond the 6-month hydrogen exposure test, to better
define problem areas and operating procedures for
natural gas equipment in hydrogen service.

Reference

1. Pangborn, J. B. and Jasionowski, W. J., "Study
of the Behavior of Gas-Distribution Equipment
In Hydrogen Service." Paper presented at the
Information Meeting for Contractors in the ERDA
Hydrogen Energy Program, Airlis, Virginia, Novem-
ber 8-9, 1976.
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APPe.DLC

Companies Participating in the Experimental Study
of Gas istribution Equipment in Hvdrogen Service at IGT

The Peoples Gas Light i Coke Company
Chicago, Illinois

Northern Illinois Gas Company
Aurora, Illinois

American Matcv Division of Singer
Philadelphia, Pennsylvania

Municipal anc: Utility Division of
Rockwell Internation+l
Pittsburgh, Pennsy.vania

Kerotest Manufacturing Corporation
Pittsburgh, Pennsylvania

Mueller Company
Decatur, Illinois

the Sprague Meter Companv
Bridgeport, Connecticut

Dresser Measurement Division of
Dresser Industries, Inc.
Houston, Texas

Phillips Products Company, Inc.
Dallas, Islas

Fishta Control Cc-oany
Marshalltown, Iowa

Dresser Manufacturing Division of
Dresser Industries, Inc.
Bradford, Pennsylvania

E.I. duPont de Nemours and Company
Wilmington, Delaware

Republic Steel Corporation
Cleveland, Ohio

Rego Company
Chicago, Illinois

Flow Control Division of
Rockwell International
Pittsburgh, Pennsylvania

Fig. 1. Residential/Commerical test loop
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Fig. 2.	 Industrial test loop

Fig. 3. Safety test loop
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Fig. 4. Pressure regulator in enclosure
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HYDROGEN - METAL INTERACTIONS

Howard G. Nelson
NASA-Ames Research Center
Moffett Field, CA 94035

Abstract

The NASA-Ames Research Center program con-
sists of three tasks: 1) identify the influence
of hydrogen/methane blend on the fracture be-
havior of carbon steel; 2) establish the kinetic
of hydrogen entry into carbon steel from the
dissociation of FeTiHX ; and 3) establish the ki-
netics of hydrogen entry from a methane environ-
ment. In hydrogen/methane blends, fatigue crack
growth rate of the ferritic steel was found to
increase as a function of the partial pressure
of hydrogen with the presence of methane having
no apparent influence. At a hydrogen partial
pressure of MPa crack growth rate is as much as
20 times more rapid than that observed in air
and 100 times more rapid than observed in
vacuum.
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I. INTRODUCTION

The NASA-Ames Research Center program in the
area of hydrogen containment materials is designed
to fill some of the apparent gaps in the Hydrogen
Containment Materials Element of the DOE Hydrogen
Energy Stotage Program. As such, it consists of
three separate tasks having the ob9ectives:1) to
define the influence of hydrogen/methane blends on
the fracture behavior of a plain carbon, ferritic
steel, 2) to establish the influence of the dis®oci-
ation of FeTill, on the kinetics of hydrogen entry
into a plain carbon steel, and 3) to establish the
kinetics of hydrogen entry into a plain carbon steel
from a methane environment over a broad range of
temperature.

II. HYDROGEN/METHANE BLENDS

As discussed at the previous review meetings,
an Ad Hoe committee has been in existence to study
the feasibility of hydrogen as a supplement to our
present natural gas supply [1]. Hydrogen is an
attractive supplement in that our present natural
gas distribution system could be adapted to dis-
tribute hydrogen/methane blends in the short term
and pure hydrogen in the long term [2].

Very little information is available to
reliably establish the compatibility between low
strength carbon and low alloy pipeline steels and
methane blends containing hydrogen. Recent work
in high-purity, high pressure hydrogen environ-
ments suggest that hydrogen compatibility may not
exist. Limited observations by Chandler and
Walter [3] indicate some degradation in unnotched
tensile ductility of SAE 1020 and 1042 carbon
steels tested in a 10,000 psi hydrogen environ-
ment at ambient temperature. Under conditions
of cyclic loading, Walter and Chandler [4] have
observed increases in crack growth rate greater
than an order of magnitude in ASHE SA-105 Grade II
steel exposed to high pressure hydrogen. Likewise,
Nelson [5] has observed a similar enhancement in
SAE 1020 plain carbon steel exposed to less than
one atmosphere of gaseous hydrogen with further
enhancement observed at high pressures (6].
Additionally, in a hydrogen/methand blend con-
taining 15 volume percent methane, Nelson [5]
observed enhanced fatigue crack growth equal to
that which would be anticipated for hydrogen
alone, thus suggesting that methane may not have
an inh!biting effect on the degradation incurred
by the presence of hydrogen.

The present study was initiated to evaluate the
influence of hydrogen/methane blends containing 30%
or less hydrogen on the fatigue crack growth behav-
ior of SAE 1020 carbon steel (a steel similar in
microstructure to most mild steels used in trans-
mission service). Fig. 1 shows the logarithm of
fatigue crack growth rate (da/dN) as a function of
applied alternating stress intensity (OK-Kmax-Kmin)
observed in vacuum, air, high purity hydrogen and
methane blends of 30 percent and 10 percent hydrogen.
Crack growth rates in the blends were observed to be
equal to those observed in a hydrogen environment
alone at equivalent hydrogen partial pressures, and
are as much as 20 times more rapid than that ob-
served in air and 100 times more rapid than that
observed in vacuum. Fatigue fracture in air occur-
red by a transgranular mode and was associated with
large amounts of plastic deformation. In hydrogen

and hydrogen/methane blends fracture was also trans-
granular but was associated with very little
deformation.

III. KINETICS OF HYDROGEN ENTRY FROM FeTiHx

The storage of hydrogen in the form of metal
hydrides appears to be a viable process and re-
quires long-term containment over a very large num-
ber of hydriding/dehydridang cycles. Evidence sug-
gests that for at least some metal hydrides hydro-
gen activity in material in intimate contact may be
significantly altered. The present study was
initiated co determine the influence of the dis-
sociation of FeTiHx in intimate contact with
SAE 1020 steel on the kinetics of hydrogen uptake.

Fig. 2 is a plot of the logarithm hydrogen
permeation rate as a function of the reciprocal
of temperature observed using a gas-phase permea-
tion apparatus [7]. Hydrogen permeation from a
high purity hydrogen environment and from a hydro-
gen environment containing FeTiHx, during the dis-
sociation cycle, were observed to be essentially
identical. It appears then that the kinetics of
hydrogen entry into a carbon steel or hydrogen
activity at the steel surface is unaltered by the
simultaneous dissociation of FeTiHx.

IV. KINETICS OF HYDROGEN ENTRY FROM CH 

Many energy conversion systems involve the
containment of methane rich environments over a
broad range of temperatures and pressures. The
dissociation of methane on a metallic surface may
release hydrogen which could enter the metal lat-
tice and cause hydrogen embrittlement at low tem-
peratures or hydrogen attack at high temperatures.
The purpose of the present investigation was to
establish the rate of hydrogen uptake by SAE 1020
steel from a high purity methane environment over
a broad range of temperature.

Hydrogen permeation rates, as a function of
the reciprocal of absolute temperature observed
from a high purity hydrogen environment and from
hydrogen/methane blends of 33 percent and 20 per-
cent hydrogen, are shown in Fig. 3. As can be
seen, all data are identical, suggesting permeation
is controlled by the hydrogen partial pressure and
methane is inert to the process over the tempera-
ture range investigated (375°C to 100°C).

At temperatures above 400°C methane was
found to dissociate on the carbon steel membrane
releasing hydrogen. Hydrogen permeation through
a fresh membrane at temperatures just above
400°C exhibited an energy of activation of ap-
proximately 164 KJ/mole and was approximately
directly proportional to pressure to the first
power, as shown in Figs. 4 and 5. At some
methane pressure, decreasing with increasing
temperature, hydrogen permeation rate increased
rapidly to levels much greater than would be
expected from an extrapolation from the lower
methane pressures. These anomalously high per-
meation rates remained so over all future tem-
perature (Fig. 4) and pressure variations until
the methane environment was removed from the mem-
brane surface and the surface was exposed,
briefly, to a vacuum.
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HYDROGEN COMPATIBILITY OF STRUCTURAL MATERIALS FOR ENERGY
STORAGE AND TRANSMISSION APPLICATIONS

Steven L. Robinson
Sandia Laboratories
Livermore, California

Abstract

The suitability of structural materials for service in hydrogen
energy storage and transmission applications is being investigated in
several ways. The goal is to provide performance data for cost effective
safe structures, and to improve the hydrogen environment performance of
structural steels.

Material performance in hydride containment vessels has been
characterized by in-situ tests of tensile specimens, vessel bulging
phenomena have been analyzed, and fatigue cracking hazards assessed.
The use of existing natural gas pipeline systems for hydrogen transmis-
sion is being explored through an experimental hydrogen pipeline, which
will be used to assess the sensitivity of pipeline materials to defects
and flaws. The performance of carbon-manganese mild steels have been
improved by alteration of the metallurgical processing methods and by
minor alloying additions. In addition, the effects of microstructural
modifications upon hydrogen compatibility of pipeline steels are
being assessed.
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Introduction

Sandia Livermore Laboratory has an active role
in three areas of the study of structural materials
for hydrogen service. These are: (1) hydride
storage support, (2) materials for hydrogen pipe-
line service (the experimental hydrogen pipeline),
and (3) advanced metallurgy of hydrogen compati-
bility in structural steels. The goals are: to
provide performance data so that designers may
choose cost effective and safe materials, to char-
acterizo the performance of existing storage and
transmission systems, and to assist in developing
economical improved materials for future hydrogen
energy systems.

Hydride Storage Support

Our principal activity in this area has been
to support Brookhaven National Laboratories' work
on iron-titanium hydride by characterizing the
behavior of steels in hydrogen/hydride environ-
ments. Our support for BNL has consisted of three
phases: (a) postmortem of a stainless steel vessel
which has undergone 4254 cycles of '.hydride cycling;
(b) a test matrix of self-loaded tensile specimens,
subjected to hydriding cycles, was analyzed; and
(c) fatigue flaw growth in structural steel vessels
was analyzed numerically.

A 304 stainless steel was analyzed after 4254
cycles of hydriding. Plastic deformation of 0.4%,
had been observed in one region of the vessel, a
1 inch diameter tube 12 inches long. This defor-
mation was due to the iron-titanium alloys' volume
swelling of 150 upon hydriding, cracking of par-
ticles and a mechanical interlocking producing a
wedging effect( 1). Fusion analysis of the
dissolved gases gave a figure of 11.8 w/o H2 , or
more than 50% higher than thermal diffusicr of
hydrogen could account for alone. Analysis of the
internal surface by scanning electron microscopy
(SEM) showed longitudinal surface gouging and
striations as shown in Figure 1. Particles of Si02
and FeTi were found imbedded in the vessel wall,
along with unidentified particles bearing aluminum,
chlorine and phosphorous. The transport of extra
hydrogen into the metal by plastic deformation and
the abrasion by the hydride present no significant
additional hazard in the case of 304 stainless
steel, but could be hazardous in ferritic struc-
tural steel hydride vessels.

The self-loaded tensile specimens for exposure
to hydride cycling were of the configuration shown
in Figure 2. The test matrix of 80 specimens is
given in Table I. These specimens were placed in
a hydride bed and exposed to 821 cycles of hydride
charging and discharging (21 cycles between
FeTiH0,1 and FeTiHI,27, and 800 cycles between
FeTiH0.146 and FeTiH0:189)• Following exposure,
the hydrogen was discharged, the specimens and
chamber were outgassed for several days and the
specimens removed and transported from BNL to
Sandia Livermore. The lengths of the loaded
specimens were measured to determine the degree of
relaxation of the applied tensile load. Some
relaxation had occurred, but no pattern was evident.
The specimens were then removed from the fixture
and tensile tested to failure in air. (Due to the
experimental limitations, it was not possible to
test specimens with the hydrogen still in them.)

Fracture surfaces were examined by SEM and compared
to tensile fractures of unexposed and H2 exposed
specimens. Tensile data was also compared to the
unexposed and H2 exposed data.

During cycling, the specimens were exposed to
thermal cycling, abrasion by line hard particles,
high purity dry hydrogen up to 3.5 MPa (500 psi),
and possible atomic hydrogen charging during
hydride discharging and charging. No failures
occurred in ferritic alloy specimens while in
reactor and no significant stress relaxation was
observed. One welded aluminum specimen failed at
a weld flaw, although this was probably not a
hydrogen-assisted failure. Post-reactor tests on
aluminum were hindered by the galling of thread
and fixture, with most specimens failing due to
removal torque, although lubricants had been
applied after removal from the hydride bed. No
difficulties were experienced in removing ferritic
specimens.

Tensile data of the outgassed material showed
no degradation after the exposure to FeTiHx.
Fractographic examination also showed no signifi-
cant deviations from normal fracture appearances.
Small amounts of secondary microcracking were
observed on the fracture surfaces of the Cr-Mo
steel (Figure 3), but not in A516 and A106 steels.

The data may be interpreted in terms of
delayed failure phenomena with the use of a
schematic diagram (Figure 4). The fir st curve, t.,
is an applied stress-damage time curve, at which 1
time irreversible damage has been done to a speci-
men. The second curve is the failure stress-time
curve. The time between the two curves is the time
in which flaws grow to critical size and cause
failure. Testing at two stress levels and with
smooth and notched specimens should put us at or
above the vv eshold stress. Tensile testing after
hydride exposure should detect significant irrevers-
ible damage as degraded properties, and altered
fracture surface appearance. The conclusion to be
reached from the postmortem test results is that,
for the stated experimental conditions, the applied
stress is either below the threshold stress, or
that more hydride cycles are necessary to produce
irreversible damage that can be detected by tensile
tests and/or fractographic analysis. Additionally,
we have gained confidence that ferritic structural
steels may be used for reasonable lifetimes in
hydride containment vessels.

The growth of fatigue cracks during service in
hydrogen is a potential hazard to the structural
integrity of a hydride vessel. Although previous
work has established that low strength ferritic
materials such as A106-B and A516 grade 70 do not
exhibit sustained load cracking in hydrogen(3,4),
they do exhibit accelerated fatigue crack growth
in gaseous hydrogen environments. Fatigue data for
steels similar to these to be used in BNL's HYTACTS
vessel is shown in Figure S. A frequency effect is
noted for SA-105 steel tested at 15,000 psi in which
fatigue cracks grow faster in low frequency fatigue
environments. For purposes of setting NDT accep-
tance standards and assessing the lifetime of
prototype hardware, a calculation was made of
expected fatigue crack propagation rates using an
extrapolation of the data in Figure 5 for low
frequency conditions similar to service conditions,

a
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shown on the dotted line. In order to provide a
	

pipeline until 6.9 MPa pressure is reached. The
degree of conservatism in the calculations, the

	
gas is analyzed for oxygen by mass spectoscopy, and

following conditions were assumed:
	

the centrifugal blower is turned on to provide
circulation.

a. Extrapolation of da/dn vs. AK at f a 0.001 HZ
to AK °2 MPa,/m. (Very severe assumption.)

b. Use of an R ratio o 0.15 (R = Kmin/Kmax, which
is more severe than the actual duty cycle.

c. Use of data for PH2 = 15,000 psi, which may
r -It in overly pessimistic growth rates

PH2 = 500 psi in the assumed duty cycle.

d. Fla arientation of maximum severity.

e. Two flaw calculations were considered:

1) a large sharp flaw in the body of the vessel.

2) a small sharp flaw in the body of the vessel.

f. Failure was assumed to occur when flaw penetra-
tion reached 900 of the wall thickness.

g. Approximations in the equations of fracture
mechanics were biased in the convervative
direction.

The large sharp flaw was calculated to have a life-
time of 2000 cycles while the small flaw had a
lifetime in excess of 14,000 cycles, following the
growth curve shown in Figure 6. Thus, even severe
flaws could last significant periods of time in
these steels. Note also that approximation (a) is
very severe, assuming no threshold for fatigue
cracking when in fact a threshold might exist. It
is concluded that prototype hardware can be built
and safely operated for reasonable lifetimes.

A number of questions are left unanswered by
the experiments and calculations performed. The
effect of a discharging FeTilix powder in contact
with sharp fatigue cracks and the potential effects
of atomic hydrogen charging were not completely
answered by the experiments in the hydride reactor.
The fatigue crack growth rates at low stress levels,
the presence of a threshold stress and its magni-
tude, and confirmation or denial of a frequency
effect for fatigue cracking, all need to be
addressed in appropriate materials in the hydrogen
pressure regimes of interest. Sandia Laboratories
is currently initiating test programs to address
these issues.

Experimental Hydrogen Pipeline

The experimental hydrogen pipeline began
operating September 1S, 1977. The pipeline is
constructed of A106 grade B pipe steel except for
stainless steel flexhoses between "pump" chamber
and pipeline, which take up accumulated misfit.
The pipeline is a square 6 meters long per side,
with test modules in which materials experiments
take place. The schematic layouts of both pipe-
line and modules are shown in Figures 7 and 8. Two
modules, incorporating high stresses and both girch
and longitudinal welds with flaws, are in place
during the 4-month "shakedown" period. Operating
pressure is 6.9 MPa (1000 psi) of hydrogen gas.
Before introduction of hydrogen, evacuation to
<100mm Hg and backfilling with nitrogen to 0.69 MPa
(100 psi) is performed three times. Pressure is
provided by cascading 6-packs of hydrogen into the

A linear gas velocity of 2.25-2.5 meters/
second is obtained by the blower. Temperature and
pressure excursions of 55°C and 0.5 MPa have been
noted, as a consequence of direct solar heating of
the pipeline. Consequently, a sunshade has been
designed and is under constructio:i to limit AT to
lower levels. Other modifications under considera-
tion include addition of an oxygen analyzer to
assure that oxygen poisoning of embrittlement does
not occur.

Materials tests to be performed in the experi-
mental modules include performance of mechanical
flaws and weld defects. The first generation of
tests, to go into test January 1978, is internal
notches ranging from 10 to 25 cm. in length and
at three stress levels approaching the gross
section yield stress of the A106-8 test material.
Burst tests in both hydrogen and in inert environ-
ments will establish baseline properties of these
flawed pipe sections.

Future aspects of the program include the
characterization of common pipeline defects, and
assessment of their behavior in gaseous hydrogen
environments. Tests of state-of-the-art pipeline
materials are also anticipated, including API
specification steels in seamless, spiral, and longi-
tudinal welded forms, up to grade API-SLX-65.

To support the experimental pipeline test
program and to enhance our understanding of the
behavior of welds in pipeline steels in a hydrogen
environment, a program has been initiated to
characterize the microstructures obtained when
these steels are welded under various conditions.
These microstructures will be evaluated for hydro-
gen compatibility to enable the determination of
the most desired microstructures for hydrogen
service.

Metallurgy Studies

Metallurgy studies include methods of improv-
ing the properties of structural steels in hydro-
gen. These studies have included 1) thermo-
mechanical treatment and alloying of low cost
structural steels for hydrogen service, 2)
permeation barriers and permeation studies, and
3) studies of effects of gaseous inhibitors.

The thermomechanical treatment of the alloys
is the process known as warm working, which
involves mechanical deformation of iron alloys
above the y - a transformation temperature over a
range of temperatures, followed by working just
below the transformation temperature, to produce
a fine grain size, reduced carbide sizes and
produce a dislocation substructure. Alloying
considerations are two fold. First, the heavy
reductions in these sulfur bearing steels tend to
produce elongated MnS inclusions which are very
detrimental to transverse properties. Secondly,
additions of precipitate forming elements tend to
refine the grain size and produce precipitation
strengthening while reducing the volume of pearlite
in the alloy matrix. Both of these factors are
conducive to improve hydrogen compatibility.
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Fortunately, both approaches can be applied
simultaneously by slight additions of Ce or Ti.

An experimental alloy of 0.1 w/o cerium added
to A516 grade 70 steel was cast a • d worked. After
forging to 2.5 cm thickness, it was held in air at
1100°C for 1 hour, reduced from 2.5 cm to 1.5 cm
in 0.25 cm pass-, while cooling to 600°C, held at
554°C for 3 minutes and reduced to I cm thickness
by 4 passes of 0.125 cm. The microstructure
produced is shown in Figure 9. Pearlite colonies
and cementite decorate the grain boundaries and
only a slight grain elongation occurred. The grain
size is about 25 microns. Globular cerium-sulfur
compounds (confirmed by x-ray analysis; oxygen not
detectable) are observed, rather than 30-50 micron
long stringers which would be expected if no Ce
addition had been made. Thus, the cerium addition
successfully controlled the shape of the sulfide
inclusions.

Tensile testing results confirm the effective-
ness of the cerium/warm working combination. Table
II summarizes the results. A small but definite
anisotropy exists, with the yield strength varying
9a between longitudinal and long transverse
orientations. The ductility properties in hydrogen
are encouraging; for the transverse orientation,
no significant loss of o RA (reduction in area)
occurred. The test data reported are for single
specimens, since only a limited amount of material
was available from the initial laboratory heats.

Equally significant is the fracture behavior
(Figure 10). Very little embrittlement appears to
have occurred since the fracture was highly ductile
with dimpling and tear ridges. No significant
amount of cleavage was observed in the cerium-
modified steel, while some cleavage was found in
the unalloyed, warm-worked steel. These results,
if reproducible, represent a significant improve-
ment in the hydrogen compatibility of mild steels.

Tensile test data for 0.3 w/o Ti and 0.1 w/o
Ti-modified and warm worked A516 are tabulated in
Table III. Small titanium additions appear to have
significant potential as hydrogen traps in carbon
steels, as shown by permeation stuuoies( 5) and ion
implantation and profile studies (61. In addition,
vanadium has potential as a grain refiner in the
warm working process due to its low precipitation
temperature.

The initial 'r;sults from these small alloying
additions and the thermochemical processing have
b--en encouraging. Therefore, 20 lb. heats of 0.1
w/o Ce, 0.1 w/o Ti, and 0.1 w/o V are being
prepared. These larger heats will provide
sufficient material to confirm the initial results
and to optimize the thermal mechanical processing
schedule.

An alternative method of providing improved
performance of structural materials is to occlude
hydrogen from contact with the steel. This may be
done by means of either a) interposing a barrier
layer of low hydrogen permeability between the
metal and the gas, or b) an inhibitor which occludes
hydrogen from the surface. Extensive work has been
done on brushplating or selective electroplating,
plasma spraying, and chemical pyrolysis for the
application of hydrogen permeation resistant

coatings to susceptible substrates. These results
were reported in June to the American Electro-
platers Society conference and submitted for
publication. In summary, the concept was found
to be applicable to pressure vessels but probably
not applicable to large systems such as pipelines,
due to factors of the operating environment, the
economic factors and difficulties of quality
assurance. This work on permeation barriers have
been discontinued until such time that their
practical viability is evidenced.

The effect of potential gaseous inhibitors
of hydrogen embrittlement was briefly studied in
a series of notched bar tensile tests using
mixtures of S02 and CO in hydrogen. The experi-
mental results are tabulated in Table IV. Small
percentages of S0 2 are effective at improving
ductility in hydrogen; larger amounts of CO are
required for equivalent effects. A more detailed
evaluation of this concept should be conducted.

Summary of Sandia Livermore's Program Status

1. Tests to evaluate the effects of hydride
discharging on the toughness and fatigue crack
growth rates at frequencies much less than
1 Hz have been initiated.

2. The Experimental Hydrogen Pipeline is opera-
tional and the first internally flawed test
sections will begin test in January, 1978.

3. Efforts to improve the hydrogen compatibility
of pipeline steels through minor alloying
additions and thermochemical processing will
be expanded.
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TABLE I - Test Matrix for LaT-Term In-Situ Self-InsW Tensile Specimens

Condition	 Material

A106 A106 A516 A516 6061 Cr4b 304
Proof
Stress

Dasip
Stress

Proof
Stress

Design
Stress

Proof
Stress

Proof
Stress

Proof
Stress

2 2 2 2 2 2 2Smooth Matrix

Notch Matrix 2 2 2 2 2 2 2

Smooth Vold 2 3 2 2 2 2 2

Notched Weld

Heat Affected Zane 2 2 2 2 71 2 2

Fusion Zone 2 2 2 2 2 2 2

Coated tSn Pb)

Smooth Weld 2 1 2 1 2

Notched Weld 2 1 2 1 2

TABLE II Prelirainry Tensile Results on Cerium Modified
Warm-worked A616 Steel, Heat No. 102776

Specimen Orientation 	 Test	 0.2% Yield	 Ultimate	 % Reduction
Condition Strength (MPa) Strength MO	 of Area

7	 Longitudinal Uncharged/	 596	 649	 57.9

Air Test

a	 Transverse	 Uncharged/	 546	 611	 56.6

Air Test

11	 Transverse	 Uncharged/	 550	 603	 66.5

4.2 MPa H2

All data are single specimen.
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Table III Preliminary Tensile Results on Titanium
Modified Ram-Worked A516 Steel

Heat #1011077	 0.1 w/o Titanium

Test 0.2% Yield Ultimate % Reduction
Specimen Orientation Condition Strength WPM Strength (MPa) of Area

19 Longitudinal Uncharged/ 715 759 60.1
Air Test

21 Longitudina: Charged/ 742 768 51.8
4.2 MPa H2

22 L. Transverse Uncharged/ 708 722 57.4.
Ai r Test

23 L. Transverse Charged/ 727 766 53.3
4.2 MPa H2

Heat #011477	 0.3 w/o Titanium

Test 0.2% Yield Ultimate % Reduction
Specimen Orientation Condition Strength (MPa) Strength (MPa) of Area

13 Longitudinal Uncharged/ 708 738 5909
Ai r Test

15 Longitudinal Charged/ 678 701 60.6
4.2 MPa H2

16 L. Transverse Uncharged/ 680 694 61.9
Air Test

18 L. Transverse Charged/ 695 733 55.8
4.2 MPa H2

TABLE IV Notched A516 Tensile Bar Tests in Mixtures
of Inhibitor Gas and Hydrogen

Test	 0.2%
Yield Strength	 Ultimate Strength 	 BRA

(Notched Bar)
MPa	 MPa.

4.2 MPa H22
808 20.5

+ 28%CO

+ 0.26%SO2 675 827 24.4

+ 0.5%SO2 700 845 34.0

+ 1.O%S02 716 851 25.0
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Figure 1 Surface damage in a 304 stainless steel vessel

which had undergone 4254 hydride cycles. The
particle at left is an FeTi particle from the

hydride bed. which has become imbedded in the
vessel wall.
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Figure 2 Self-Loading Test Specimen
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Figure 3. Fracture Surface of Specimen B-Il, 2 1, C ,	1 Mo Steel

Exposed to FeTiH x Environment.

I
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INSTRUMENTATION PORT

CONTAINMENT JACKET
16.5 cm 16.51	 S(ANDARD MILD STEEL WELDS

STANDARD  MILD STEEL PIPE
11.4 cm 14.5"1 O.D. s 0.64 cm 10.75"1 WALL ^— TEST SECTION

FOR DEFECT SENSIT '11TY AND
PERMEATION MEASUREMENTS

DESIGN INFORMA TION

• HYDROGEN GAS PRESSURE • 6.8 MPs 110D0 psi ►
ALL MILD STEEL CONSTRUCTION

*MATERIAL STRESS LEVELS *25% of YIELD STRENGTH
(EXCEPT TEST SECTION .75%)

Figure 8 Modular Section of Pipeline

"' AiAIX

40OX

Figure 9 Optical Micros.^ucture of the 0.1 w/o cerium modified

and warm worked A516 steel, heat #102776.
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Air Test	 (A)	 100OX

(B)	 1000X

Figure 10. Fracture surfaces of long transverse smooth tensile bars of
the cerium modified warm worked A516 steel. (A) is the
air test, (B) is a 4.2 MPa (600 psi) H 2 qas test.
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EFFECT OF STRESS STATE
0.1

HYDROGEN EMBRITTLEMENT PROCESSES

If. R. Louthan, Jr. and R. P. McNitt
Virginia Polytechnic Institute
Blacksburg, Virginia 24061

Abstract

Delayed failure hydrogen embrittlement
studies in high pressure gaseous hydrogen show
that the susceptibility to embrittlement
progressively increases as the stress state
changes from uniaxial to biaxial to triaxial.
This contrasts the results of dynamic tests in
similar atmospheres where embrittlement is favored
by uniaxial stress states. These results show
that design considerations of material compat-
ibility in hydrogen environments must include
analysis of the stress-state and loading-rate
during exposure. Such considerations are
difficult, at present, because of (1) difficulties
in extrapolating data from short-time dynamic
tests to predict long time compatibility under
static loads, and (2) very little definitive work
on the role of macroscopic stress state in
hydrogen embrittlement processes has been reported.

Introduction

Hydrogen compatibility may be a critical
criteria in evaluating structural materials for
use in energy storage and transmission.
Correspondingly the tensile properties and fracture
characteristics of many candidate materials have
been studied before, during, and after exposure to
various hydrogen environments. Such studies have
stimulated a tabulation of metals and alloys as
either susceptible, mildly susceptible or immune
to hydrogen embrittlement. This type of categor-
ization is fraught with difficulties because all
too often alloys found to be relatively immune to
embrittlement in one type of test are found to be
highly susceptible to embrittlement in other tests.
Furthermore, whenever a single test shows that a
material displays a "high degree of susceptibility'
that particular test can effectively eliminate the
potential for using that material in hydrogen
service even though different testing modes have
indicated that the alloy has a reasonable
hydrogen compatibility.

Delayed failure hydrogen embrittlement has
received increasing attention in recent years
primarily because of the accelerating usage of
high strength components in aggressive environ-
ments. The concept that "maximum triaxiality"
plays a vital role in the embrittlement process is
primarily based on the interpretation of "static
fatigue" or delayed failure tests. This concept
assumes that hydrogen is localized at or near
crack tips or other regions of maximum hydrostatic
(or triaxial) stress. ffost investigators agree
that some minimum local hydrogen concentration is
required to cause embrittlement (1-5). Under
static loading conditions localization is
diffusion controlled and the steady-state hydrogen
content, C, in a region of hydrostatic stress,
an , at equilibrium is given by

C = Co exp(Van/RT)

where C ® bulk hydrogen content, V ® partial molar
volume, ©and T a temperature. Menever C is greater
than the critical concentration required for
embrittlement, delayed failure may occur. However,
because hydrogen diffusion is slow at or near room
temperature, delayed failure tests often require
lengthy tieups of experimental equipment. Conse-
quently when investigations of "unexposed' samples
tested under dynamic conditions seemed to show
results similar to the lengthy delayed failure
studies, the use of such short time tests began to
increase. Justification for the use of dynamic
tests was enhanced by mechanistic studies which
suggested that the embrittlement mechanism
responsible for hydrogen induced degradation was
the same in both delayed failure and dynamic
studies. However, careful analysis indicates that,
even if the "same mechanism" hypothesis is correct,
test technique and stress state play critical roles
in determining whether embrittlement is observed.

Hydrogen localization by classical diffusion
through significant diffusion distances cannot
occur during dynamic testing because of insufficient
time. Under such dynamic test conditions hydrogen
localization has been attributed to transport by
mobile dislocations. Dislocation motion requires
localized shear, not hydrostatic, stresses; there-
fore test conditions which favor embrittlement
under static (and hence many real life) exposures
are not necessarily those conditions which favor
embrittlement under dynamic testing (or applica-
tion). Analysis of the two methods for localizing
the h%;drogen indicates that a uniaxial stress state,
with the attendant shear stress = '-a tensile stress,
should maximize embrittlement under dynamic
conditions while, as previously shown, triaxial
stresses should maximize embrittlement under static
conditions.

Experimental Techniques and Results

Selection of AISI 4340 steel and A-106 steel as
the materials to be studied in the program was based
on discussions with staff members of DOE, SLL and
VPI. The AISI 4340 steel represented an alloy
known to be highly susceptible to hydrogen induced
delayed failure while the A-106 represented a
candidate pipeline material and was not regarded as
edstly embrittled. The A-106 steel (available only
in tubular stock) being tested was supplied by
Sandia Laboratories-Livermore and is from the stock
they are testing in their hydrogen pipeline. The
AISI 4340 was purchased in both tubular and plate
form.

Static Tests

Right circular cylinders were fabricated from
both types of steels and have been tested under
various stress states. The basic design requires
that the 1.27 cm wall of the 7.62 cm outside
diameter pipe be reduced to 0.075 cm in the gage
section. The test specimen is sealed to end caps
by crushing an 0-ring between the end of the
specimen and the back surface of the cap. The
interior cavity of the specimen is filled with an
aluminum dummy block (Figure 1) to minimize the
energy stored in the specimen during test. The
end caps are machined to accept standard high
pressure fittings and the specimen is filled to the
desired hydrogen pressure (35 MPa maximum) through
a valve controlled connector. Each specimen under
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test is also equipped with a standard 35 NPa
rupture disk on a safety head and a 35 MPa gage
(Figure 2). The stress state is controlled by
axial loads applied to the test specimen by means
of a universal tensile machine or a creep frame
when sustained, long time loading is required.
Failure data to date (Figure 3) indicate that
none of the standard failure theories explain the
hydrogen embrittlement process.

The susceptibility of notched precharged AISI
4340 samples heat-treated to approximately 1400
MPa yield to hydrogen embrittlement was studied in
delayed failure tests. The tests showed that the
susceptibility to embrittlement was reduced as the
constraint (and hence triaxiality) at the crack
tip was reduced. The specimens contained a 600V
notch in 1.27 cm diameter rods. The notch reduced
the throat diameter to 0.90 cm. The root radius
of the notch was 0.005 cm. Constraint at the
crack tip was controlled by drilling axial holes
with a gun bore drill; increasing the hole
diameter decreased the constraint and increased
the resistance to delayed failure. These effects
were apparent in macroscopic observations which
showed the effect of both constraint and hydrogen
on the shear lip which developed !.n delayed
failure tests (Figure 4). Fractographic studies
showed that even in the flat fracture region of
the hydrogen charged samples, failure was occurring
by both microvoid coalescence and intergranular
rupture. Assuming that the intergranular rupture
represents embrittlement (5), the scanning electron
microscopy supports the conclusion that embrittle-
ment is caused by hydrogen diffusion to points
of maximum hydrostatic stress. In all cases,
examination of near crack tip area showed a
region of microvoid coalescence near the starter
crack and intergranular fracture deeper in the
sample. In several cased areas of intergranular
fracture completely surrounded by microvoid
coalescence were observed (Figure 5). These
observations are in agreement with diffusion
controlled, stress induced development of
hydrogen concentration profiles such as shown in
Figure 6 and support the argument that stress
induced hydrogen transport is the major factor
causing hydrogen localization during delayed
failure.

The importance of stress state in controlling
delayed failure hydrogen embrittlement during
exposure to high pressure gaseous hydrogen was
also evaluated by testing smooth plate specimens.
These samples were stressed in either a four
point loading apparatus (Figure 7) which simulated
uniaxial loading, or in an in-house designed
clamped plate assembly (Figure 8) to simulate
biaxial loading. The stressed specimens were
placed in a high pressure autoclave (Figure 9);
the autoclave was cycled through a series of
evacuations and back filling with hydrogen
before being pressurized. The susceptibility of
these flat plate samples to delayed failure
depended on heat-treatment, stress-level and
stress state. No failures were observed in 200
hours exposure of any low strength steel sample
regardless of stress state during exposure.
However, delayed failure in less than 90 hours
was observed in the 4340 samples heat treated
to 1750 MPa yield and stressed biaxially, to a
calculated maximum stress of 1400 MPa (Figure 10).
The companion samples stressed to 1600 MPa in

uniaxial tension did not fail. Microscopy and
fractographic studies of these samples showed both
microvoid coalescence and intergranular fracture.

The complex nature of the crack pattern shown
In Figure 10 indicates the difficulty in determin-
ing the stress state during crack propagation in
the biaxially stressed samples. Analytical
techniques to improve our ability to determine the
stress state-crack path interactions need to be
developed so that the role of stress state can be
better assessed.

The common assumption that intergranular
fracture represents the surface topography formed
by delayed failure hydrogen embrittlement in 4340
steel may be true; however, exam'_.nation of the
notched hollow round samples which had the least
constraint at the crack tip and failed in delayed
failure tests showed almost no evidence of inter-
granular fracture. This result indicated that
hydrogen induced microplasticity could be involved
in the fracture process. Such plasticity arguments
have previously been advanced but this model for
embrittlement has received very little support.
Because of this "new" evidence (lack of inter-
granular fracture on the low constraint samples),
and earlier arguments based on the Onsager
principle, tests were conducted to determine the
effect of hydrogen uptake on yielding in high
strength steel samples. These tests were made by
increasing the dead weight loading of a 4340 steel
sample in a creep frame until plastic deformation
was initiated. The sample was then held under load
for times sufficient to insure that no further
deformation was occurring. The sample was then
exposed to high hydrogen fugacity. The hydrogen
exposure caused plastic deformation to resume.
Results which looked similar to the hydrogen
induced crack growth curves of Johnson were
obtained (Figure 11). Careful examination of the
exposed samples did not reveal any evidence of
cracking. This result indicates that one
mechanism of delayed failure may be hydrogen
diffusing to a region of high stress (in the
notched round samples these regions were generally
high triaxial stresses) and lowering the yield
strength in that region. Fracture mechanics
considerations show that the critical plastic
zone size at the onset of failure depends on the
yield strength. The size of the plastic zone is
dependent on the applied stress intensity at the
crack tip; thus lowering the yield stress lowers
the required stress intensity for fracture and
hydrogen diffusion to a crack tip could induce
failure. The mode of failure is not defined by
this model and could be either intergranular
rupture (high triaxial stresses) or microvoid
coalescence (minimal triaxial stresses). However,
in either event failure is initiated because of
hydrogen diffusion to regions of high lattice
dilation. The tendency for such diffusion is
clearly enhanced by triaxial stresses and thus
such stresses enhance delayed failure hydrogen
embrittlement.

Dynamic Tests

The effect of stress-state on the susceptibil-
ity of steels to hydrogen embrittlement under
dynamic test conditions was examined via a disk
rupture system designed and fabricated for that
purpose. By controlling the radius around which
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the edge of the pressurised clamped plate was
allowed to bend, the location of failure initiation
can be controlled. A large radius at the clamped
surface caused failure to initiate under almost
biaxial stress cr-nditions (Figure 12a) in the
center of the plate while a sharp radius caused
failure to initiate in regions tending towards
"uniaxial" tension conditions (Figure 12b). The
exact stress states in the disk rupture samples
have not been determined because the required
elastic-plastic analysis of such a clamped plate
has not been made. However, both elastic analysis
and intuition indicate a large difference in stress
states under the two burst conditions. The effect
of stress state on the susceptibility to dynamic
hydrogen embrittlement was then determined by
comparing the burst pressures of nearly identical
samples in oyygen and hydrogen. The pressure
ratio P0 2 /PH is then used as a measure of
embrittlement.

The results of the burst tests indicate that
under dynamic rather than static loading con-
ditions, hydrogen embrittlement is enhanced by
uniaxial rather than biaxial (or tria,cial)
loadings. Burst tests in the disk rupture system
demonstrated that when samples were ruptured in
biaxial tension the burst pressure was not
significantly affected by the test gas. Tests
of similar samples under more uniaxial conditions,
however, showed that when hydrogen was used as a
burst gas, the burst strength was reducet by 20%.
This result wan expected because, as described in
the introduction, dynamic tests were thought to
require dislocation transport and hence high
shear stresses to localize hydrogen.

Conclusions

The most significant conclusion of these tests
is the obvious difficulty in using short time
dynamic tests to predict the effects of hydrogen
on long time behavior under static loads. Clearly
different variables control the hydrogen local-
ization mechanism in the two types of tests and
extrapolation of data obtained under one set of
test exposure conditions to any other set of
service (or potential service) conditions shculd
be made carefully. These results also point out
the need for continuing (and increased) effort
to determine the role of stress state in hydrogen
embrittlement process so that data and models can
be developed to permit the maximum use of cue
large body of hydrogen embrittlement information
in design considerations.
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Figure 1. Cylindrical test specimen i-+r
evaluation of the effects of stress state on
susceptibility to hydrogen embrittlement.

Figure 2. Cylindrical specimen in instron tensile
machine.
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Figure 8. Clamped plate assembly for testing
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EVALUATION OF LASER WELDING
TECHNIQUES FOR HYDROGEN TRANSMISSION

J. A. Harris Jr. and J. Mucci
Pratt & Whitney Aircraft Group
Government Products Division

West Palm Beach, Florida

Abstract

This program will evaluate the smooth and notched
tensile, low-cycle-fatigue and fracture toughness properties
of two pipeline materials, ASTM A312 Grade AISI 304L
and ASTM A106 Grade B, in parent and welded (Laser,
Electron Beam and GTA) conditions. Testing in air and
13.8 MPa (2000 psig) gaseous hydrogen will establish the
susceptibility of the materials to hydrogen environment
effects. Metallurgical analysis of the weldments and fracto-
graphic evaluations of failed test specimens will be con-
ducted to supplement the mechanical property character-
izat ;ons and aid in determining if laser welding is feasible
for hydrogen transmission pipeline application. The pro-
gram started on 30 September 1977. This paper discusses
the program objectives, approach and status to date.

I. Introduction

The evolution of a hydrogen energy system will require
major technology development programs. Regardless of the
means of production, transmission and storage of hydrogen
will be required. Current gas transmission pipeline technol-
ogy will form the base from which hydrogen transmission
will grow. However, unlike natural or hydrocarbon gases,
hydrogen has a unique effect upon most metals in that it
embrittles or degrades properties. This effect upon material
properties has been studied most extensively in the
development of hydrogen-fueled rocket engines. For space
applications, use of expensive, highly alloyed materials is
justified. The economics of gas. transmission systems,
however, require the use of lower cost, more plentiful
structural materials.

Mild and low alloy steels are being considered because of
the economic factor. A problem exists, however, in that
most ferritic steels are susceptible to degradation of
structural properties resulting from hydrogen exposure over
a wide range of conditions. Since numerous welded joints
are required in the fabrication of transmission pipelines
and storage systems, an additional problem exists:
weldments appear more susceptible to hydrogen degrada-
tion (embrittlement) than the parent alloys. Moreover,
various welding processes may yi%id different degrees of
susceptibility. In general, weldii;g processes that minimize
fusion and heat-affected zont,s tend to produce high
integrity welds that are ley^ susceptible to hydrogen
degradation and also produce j ints that maintain many of
the characteristics of the parent material.

Research at the United Technologies Research Center
(UTRC) indicates that laser weldments possess these
desired qualities. The Pratt & Whitney Aircraft Govern-
ment Products Division has conducted extensive parent
and welded material evaluations in gaseous hydrogen
environments. These divisions of the United Technologies
Corporation will determine the feasibility of laser welding
as a viable means of fabricating and/or joining hydrogen
transmission piping. The process for obtaining results and
conclusions from this study is diagramed in Fig. I-1.

This program is being conducted under Department of
Energy (ERDA) Contract EC-77-C-02-4355, sponsored by
Dr. James H. Swisher, Assistant Director, Physical Storage
Systems, Washington, DC under the technical cognizance
of Dr. Howard G. Nelson, NASA-Ames Research Center,
Moffitt Field, California. Mr. Joe Mucci is the Pratt &
Whitney Aircraft Group, Government Products Division
program manager.

John A. Harris Jr. and Joe Mucci are Project Materials
Engineer and Assistant Project Materials Engineer respec-
tively in the Materials and Mechanics Technology Labora-
tory of the Pratt & Whitney Aircraft Group, Government
Products Division of the United Technologies Corporation,
P. O. Box 2691, West Palm Beach, Florida, 33402.

11. Program Approach

This program consists of smooth and notched tensile,
low-cycle-fatigue (LCF) and fracture toughness tests of two
pipeline materials in the parent and welded (laser, electron
beam and gas tungsten arc) conditions. Comparison of test
results in air and 13.8 MPa (2000 psig) gaseous hydrogen
will establish the susceptibility of the materials to
hydrogen environment effects. The program is diagramed
in Fig. U-1. The tests to be conducted and the environmen-
tal conditions are listed in Table 1I-1.

A. Materials and Welding

The test materials, ASTM A312 Grade 304L stainless
steel and ASTM A106 Grade B carbon steel, to be
evaluated have been procured in the form of No. 5 Schedule
160 Seamless Pipe [141.3-mm (5.562-in.) outside diameter,
15.9-mm (0.625-in.) wall thickness]. Weldments will be
produced by the Automatic Gas Tungsten Are (GTA),
electron beam and laser processes by joining two 50.8-mm
(2.0-in.) lengths of pipe (Fig. H-2).

Gas tungsten arc and electron beam welding will be
performed using current process schedules and specif-
ications. Calibration welds will be made to verify and/or
select process parameters and then the pipe samples will be
welded. Viaual, radiographic, and fluorescent penetrant
inspection will be performed to ensure soundness.

Laser welding will be performed by the UTRC. Since
laser welding is a relatively new process, weld schedules for
specific materials and thicknesses have not been de-
veloped. Therefore, appropriate laser welding parameters
will be determined for the ASTM A106B and AISI 304L
steels that are to be used in this program. Initial parame-
ters will be selected on the basis of general penetration-
speed-power information, which has been estPblished for
laser welding. It is anticipated that a laser power level of
approximately 12 to 14 kW will be required; we ding speed
at this power level will be varied from about 69.5 to 127.0
cm/m (25 to 50 in./m). Head-on-plate penetrations will be
formed in the materials and subjected to visual inspection.

The conditions at which optimum bead-on-plate pene-
trations are formed will be used to form direct butt welds
between pipe sections. These welds will be subjected to
visual, radiographic, and selected metallographic inspe.
Lion. The latter is important for selection of weld parame-
ters since the nature of the weld bead shape and grain
structure have been related to the mechanical properties.
Attempts will be made to generate a weld bead exhibiting
a uniformly-tapering cross section from top to bottom. This
weld bead shape, which would be expected to promote
progressive solidification from bottom to top, also would be
expected to promote expulsion of gases from the weld zone.
A weld shape that exhibits a narrow waist, on the other
hand, often leads to trapped gases in the lower weld zone
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regions, as v, ell as to the generation of shrinkage cracks.
Within the limitations imposed by bead requirements weld
parameters will be selected at the highest corresponding
speed (i.e., with the lowest specific energy input) to attain
the smallest possible grain size.

Sample weldments will be formed in the subject materi-
als using the selected parameters. Direct butt welds will be
made between 60.8-mm (2.0-in.) pipeline sections using
inert gas shielding provisions to prevent atmospheric
contamination of the welds. Slope-out procedures will be
employed at the end of the weld to eliminate the termi-
nation defect that occurs in deep-penetration welds
without this procedure. Welds will be inspected visually
and radiographically, and then forwarded to the Govern-
ment Products Division for evaluation of mechanical
properties in a hydrogen environment.

B. Specimens

Solid, externally pressurized specimens will be used for
each test. These specimens will be machined from the pipe
sections illustrated in Fig. II-2. Test specimens are shown
in Fig. II-3 and described briefly in the following para-
graphs.

1. Tensile Specimens

Smooth and notched specimens will be used for this
testing. Smooth specimens will have a 6.40-mm (0.252-in.)
gage diameter and a reduced section length of 27.0-mm
(1.062-in.). Notch specimens (Kt =8.0) have a larger
diameter of 9.5-mm (0.375-in.) and a notch diameter of 5.9-

II mm (0.234-in.) machined in the center of the specimen
reduced section at a 60-deg angle, with a 0.038-mm (0.0015-
in.) radius at the apex of the notch. The welded materials
specimen blanks will be given a light etch and the gage
section oriented such that the notch will be positioned in
the center of the fusion or Heat Affected Zone (HAZ) areas.

2. Fracture Toughness Specimen

A lw, 12.7-mm (0.50-in.) thick, compact tensile spec-
imen, conforming to ASTM E-399-74 specifications, will be
used for the fracture toughness tests. The welded specimen
starter notch will be oriented so that the fatigue precrack
will be located in the fusion or HAZ areas.

3. Low-cycle fatigue tests (completely
reversed-mean strain of zero, -axial
strain controlled) will be conducted in
air and gaseous hydrogen.

4. Fracture toughness tests will be con-
ducted at ambient pressure in air at
ambient temperature using ASTM
E399 procedures where applicable. In
the event valid Ktc conditions are not
met, J integral methods will be used to
obtain fracture toughness values.

All of the hydrogen testing will be conducted in 13.8
MPa (2000 psig) gaseous hydrogen. This is the pressure
projected for economical transmission of hydrogen (Ref. 1).
In this program, it is proposed to go directly to the
anticipated operating pressure and establish feasiblity
based upon performance in that environment. The effects
of potential hydrogen pickup during welding, or thermally
charged specimens will not be investigated as they appear
more academic in light of the anticipated operating
environment and scope of this program.

Metallurgical evaluation will be conducted to character-
ize the parent material and welds. This evaluation will
include macroetch, microhardness profiles, and phase
identification. In addition, metallographic and fracto-
graphic evaluation will be conducted on representative
samples of failed test specimens to aid in explaining test
results.

111. Test Facilities

The Government Products Division of Pratt & Whitney
Aircraft maintains a dedicated facility for conducting
materials property evaluations in high pressure gaseous
environments. The facility was originally established to
perform materials properties tests for space propulsion
systems with various gaseous environments at pressures to
34.5 MPa (5000 psig) and temperatures to 1144°K
(1600°F). The testing equipment includes machines for
performance of tensile, fracture toughness, fracture me-
chanics, high and low cycle (strain controlled) fatigue and
creep/stress rupture tests. Basically the machines are
closed loop servo-controlled systems with programable
controllers, located in isolated test cells with the associated
gas handling systems.

3 LCF Specimen

The LCF specimen incorporates integral machined
extensometer collars. A calibration procedure has been
established to relate the maximum strain-to-collar de-
flection during both the elastic and plastic portion of the
strain cycle. The specimen design and calibration pro-
cedure were verified both experimentally and analytically.

All specimens will be cleaned and packaged prior to
testing to protect them from surface contamination.

C. Testing and Evaluation

The test facilities have been described in detail in
previously published works (Ref. 2-8), and will not be
described in this paper.

IV. Status

We are currently in the first month of this eight (8)
month program. The AISI 304L and ASTM A106B materi-
als in the form of seamless pipe have been procured, and
test facilities are being prepared.

The test effort for this program consists of the mechani-
cal properties tests listed in Table 11-1 and described below:

1. Smooth tensile tests will be conducted
in air and gaseous hydrogen at ambient
temperature using applicable ASTM
E-8 procedures.

2. Notch tensile tests will be conducted in
s air and gaseous hydrogen at ambient

temperature using applicable ASTM
procedures. The notch will have a
stress concentration factor (KJ of 8.

i_	
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Table H-1. Experimental Test Outline to Determine the Susceptibility of Welded Pipeline
Materials to Hydrogen Degradation

Mechanical Properties Tests
Smooth Notch Low-Cycle Fracture

Material	 Weld Type Environments Tensile Tensile' Fatigue Toughness
AISI 304L	 Parent Material Air 2 2 2 2

Hydrogen 2 2 2
GTA Air 2 2 2

Hydrogen 2 2 2
GTA (HAG! Air 2 2

Hydrogen 2
EB Air 2 2 2

Hydrogen 2 2 2
EB (HAZ) Air 2 2

Hydrogen 2
Laser Air 2 2 2

Hydrogen 2 2 2
Laser (HAZ) Air 2 2

Hydrogen 2
AISI 304L	 Total Air 8 14 2 14

Hydrogen 8 14 8
ASTM A106B Total Air 8 14 2 14

Hydrogen 8 14 8
Total Specimen Testa -136 32 56 20 28

`Air Tests at 297°K (75°F),1 atmosphere
Hydrogen Testa at 297°K (75°F); 13.8 MPa (2000 prig)

=Stress Concentration Factor, K,. = 8.0
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THE METAL HYDRIDE DEVELOPMENT PROGRAM

AT BROOKHAVEN NATIONAL LABORATORY

J. R. Johnson and J. J. Reilly

Division of Basic Energy Sciences
Brookhaven National Laboratory

Upton, N.Y. 11973

Abstract

This program is in the nature of a progress
report through the period September 30, 1976 to
September 30, 1977. The following subjects will
be discussed: the influence of the free energy
cha. !a and the metal atom mobility upon the re-
acti m of intermetallic compounds with hydrogen;
the properties of a ferro-titanium alloy hydrides
formulated for a specific application (H2-C12 dual
mode cell), the effe:•. of cyclic hydriding and de-
hydriding on FeTi; the TiCr2-H system and its
properties.

I. Introduction

Over the past year our metal hydride develop-
ment program has focused on the following areas:
(1) a general consideration of the reaction of inter-
metallic compounds and alloys with hydrogen; (2)
the properties of ferro-titanium alloy hydrides;
(3) a definition of the TiCr2-H system; (4) prop-
erties of substituted TiCrx alloy hydrides; (5)
management responsibilities V several DOE con-
tracts in this area. This report will be con-
cerned with items 1-4. It should also be noted
that items 1, 2 and 3 are areas which also re-
ceived support from the Division of Basic Energy
Sciences which has contributed in part to the re-
sults presented herein.

iI. On the Reaction of Intermetallic Compounds
with Hydrogen

It is rather difficult to predict a priori
whether an intermetallic compound will react with
hydrogen or which reaction path will be followed
and what products will form. However, some empir-
ical predictive theories have been developed, of
which the most notable is the theory of Reversed
Stability as proposed by Miedema et al. [1]. This
theory has been quite useful in systems involving
ABS alloys, but it has enjoyed only limited suc-
cess in those involving first row transition
intermetallic compounds (e.g., FeTi, TiCr2). we
have found, however, that intermetallic-hydrogen
systems, without exception, will obey three rather
simple rules. They are as follows:

1. In order for an intermetallic compound to
react directly and reversibly with hydrogen to
form a distinct hydride phase, it is necessary that
at least one of the metal components be capable of
reacting directly and reversibly with hydrogen to
form a stable binary hydride.

2. If a reaction takes place at a tempera-
ture at which the metal atoms are mobile, the
system will assume its most favored thermodynamic
configuration.

3. If the metal atoms are not mobile (as is
the case in low temperature reactions), only hydride
phases can result,which are structurally very simi-
lar to the starting intermetallic compound.

Rule 1 is purely empirical. It is based on out
own and other's experimental observations (2). The
latter two rules are firmly based on established
thermodynamic and structural principles. They are,
obviously, not new concepts. They refer to two
temperature dependent variables, the free energy
and the metal atom diffusion rate, either one of
which may be the dominant factor in system behavior.
We have found their explicit statement to be quite
useful and have altered both our experimental pro-
cedures and program direction substantially.

III. Ferro-Titanium Alloy Hydrides

in this area we have focused primarily on syn-
thesizing a hydride of the type TiFexMnyHz which
would have optimized properties in relation to the
H2-C12 dual mode electrolytic cell [3]. The target
requirements for this material are as follows:

Effective H storage capacity 	 1.5 wt 4
Maximum activation temperature 41000C
Minimum discharge press @ 600C 3 atm
Maximum charging press @ 400C 34 atm
(for stated storage capacity).

A number of alloys were formulated which satisfy
the above criteria; their composition and pertinent
properties are given in Table 1. At this time we
consider the alloy having the composition
TiFe0.85Mn0.15 to be optimum for the H 2-C12 unit.
Its pressure-temperature-composition relationships
are summarized in Figure 1. It is worth noting
that hysteresis in this system is considerably re-
duced compared to that of the TiFe-H system as
shown in Figure 2.

We have previously reported that the activity
of FeTi towards hydrogen is a sensitive function of
the concentration of oxygen in the gas phase and
as little as 10 ppm 0 2 in H2 has a detectable
effect [4]. During the past year we investigated
the effect of chlorine in hydrogen gas. The re-
sults of these experiments are summarized in
Table 2. They differ from those obtained in the
oxygen contamination experiments in the following
respect: there was no detectable effect at an
initial concentration of 10 ppm C12; there were
substantial effects at higher concentrations and
at these levels the samples could not be completely
reactivated. It should also be noted that C12 may
transform to HC1 under the experimental conditions,
whether it does so in fact is probably of academic
interest only.

Iron titanium hydride is metastable with re-
spect to the formation of TiH2 and Fe2Ti. In
several long term experiments we have subjected
FeTi to 1630,000 hydriding-dehydriding cycles with
no detectable deterioration in performance. one
sample was given particular scrutiny in this re-
spect. It was cycled 1613,000 times over a six-
month period. Each cycle was 12 minutes long
during which the temperature was varied from
16-70C to +1100C and the pressure from 32 to 34 atm.
The average composition change, in terms of the
atom ratio, H/Ti, was 1.1 per cycle. No deterio-
ration in performance was detected as a function of
time or cycles as measured by the constancy of
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A(H/Ti) per cycle. Further, there was no evidence
of the presence of any TiH 2 or Fe in the alloy upon
removal of the sample from the system as deter-
mined by x-ray diffraction analysis. A small
amount of Fe2Ti was present in the original alloy
which, as far as could be determined, did not in-
crease over the courso of the experiment. How-
ever, there was a large change in the magnetic
susceptibility as shown in Figure 3 [5]. Such an
effect has been observed by Hempeimann and Wicke
[6] and they attributed it to the formation of
small iron clusters formed by the exchange of Ti
and Fe atoms in the ordered CsCl lattice. This
exchange is made possible even et low temperatures
0,1000C) because of the distortion of the metal
lattice caused by dissolved hydrogen. it is
noteworthy, however, that the change in magnetic
properties for the highly cycled sample was no
greater than that observed in the sample of
Hempelmann and Wicke which had undergone only
several Cycles over a period of 6 weeks.

While no significan- disproportion of FeTi
has been noted even at elevated temperatures
(ti4500C), other Ti intermetallic compounds, which
form ternary hydrides at room temperature, have
been observed to do so. Yamanaka, et al. [7]
report the following alloys disproportionate, at
the indicated temperature, in the presence of
hydrogens TiNi (5000C), T12Ni (2500C), TiCu3
(50000, TiCU (2000C) and T12Cu (2000C). We have
also noted the disproportion of T12Cu at >3500C.

IV. Ti-Cr Alloy Hydrides

The Ti-Cr alloy system exhibits one inter-
metallic compound, TfCr2 , of which there are two
temperature dependent allotropes [8]. Both are
Laves phases, the low temperature form having the
cubic MgCu2 (CIS) structure while the high tem-
perature form has the hexagonal Mg2n2 (C14)
structure. Both forms will react with hydrogen
to form hydride phases but only the TiCr2(CIS)-H
system has been defined [9].

At room temperature the limits of homogeneity
for the C15 phase have compositions corresponding
to TiCrl. 71-TiCrl.92. At -7SOC and 60 atm
pressure, the hydrogen saturated C15 phase will
react sequentially with hydrogen to form two
distinct hydride phases:

1.64TiCrl.81H1.1 + H2 1.64TiCrl.81H2.3	 (1)

1.64TiCrl.81H2.3 + H2 4 1.64TiCrl_81H3.6 	 (2)
The product of reaction (2) represents the highest
hydrogen content of the solid phase observed to
date.

A p-c-t diagram for the system is shown in
Figure 4. it should be mentioned that in order
to obtain single phase CIS alloy samples a rather
extensive and complex annealing treatment is re-
quired. If mixed phase samples are used, repro-
ducible data are not easily obtained and the
isotherms are distorted as shown in Figure S.
This system is notable for the all but non-
existent hysteresis effect as illustrated in
Figure 6. it will be noted that there is 10C
difference between the sorption and desorption
isotherm, if both isotherms were determined at
the sane temperature they probably would be,
within the experimental error, coincident.

Whereas the theory of Reversed Stability would
predict the formation of stable hydrides from
TiCr2 they are, in fact, very unstable, even to the
point of limited utility for practical applications.
However, as with other alloy hydrides it is possi-
ble to modify their properties by composition
changes. An example of such modification is shown
in Figure 7, in which Mn has been substituted in
part for Cr. The difference in behavior between
the annealed and the as-cast alloy is striking.
The s.oping plateau is attributed to small concen-
tration gradients in the alloy which can be
removed by annealing. Lynch has found this effect
to be common in such substituted alloys [10].

Finally, as would be expected, both ternary
hydrides are metastable with respect to formation
ofTiH2 and Cr. However, upon short term exposure
of TiCr"2 (CIS) to hydrogen at 4500C there was no
Indication of any formation TiH 2 and/or Cr.

Table 1

HYDROGEN STORAGE CAPACITY OF TiFexMnyALLOYS
UNDER PROTECTED H2-C12 CELL OPERATING CONDITIONS

Alloy Effective H
Composition Storage Capacity Wt%

TiFe0.9Mn0.096
(INCO #4) 1.65

TiFoo.9Mn0.1 1.7

TiFe0.85Mn0.15
1.7

TiFe0.8Mn0.2 1.5

TiFe0.932Mn0.094
(INCO) 1.55

Table 2

EFFECT OF C12 IN H2 GAS ON
THE ACTIVITY OF TiFe0.9Mn0.1Hx

Initial C12 Activity Reactivation Activity
Content Loss Temp. Recovered

PPM $ oC %

10 -- -- --

100 50 110 88

1000 75 110 63
k

1000 75 300 75
sr

400 75

*These are maximum values. After exposure to high
Cl
2 

concentrations there was a slow deterioration
in performance after reactivation.
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HYDROGEN-TECHNOLOGY EQUIPMENT
TEST PROGRAM AT BNL

Gerald Strickland, Albert H. Heaufrere and
Matthew J. Rosso
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Upton, New York 11973

ABSTRACT

In furthering the development of
hydrogen energy technology it is essential
to test both major and supporting com-
ponents on a practical scale. The Hy-
drogen-Technology Advanced-Component Test
System (HYTACTS) is being constructed
to fulfill this need. Components for
production of hydrogen by electrolysis,
storage of hydrogen as a metal hydride,
and use in several types of energy con-
version devices will be tested and-eval-
uated. The first application to be eval-
uated uses hydrogen as an energy carrier
in an electric-energy storage system.
Off-peak or spinning-reserve power is
used to electrolyze hydrochloric acid;
the hydrogen and chlorine are stored for
recombination in the same cell when the
demand for power exceeds the system cap-
acity. Hydrogen stored in containers of
hydride will also be tested for use as
an automotive fuel. The program phases
are described along with some details on
the equipment co be tested in the hydrogen
storage section of the system now being
constructed.

INTRODUCTION

The future of hydrogen as a major energy car-
rier is highly dependent upon developing methods
of production, storage and conversion which can
become competitive with comparable energy sources.
Because the cost of hydrogen energy is relatively
high :today, there is an incentive to develop ways
of lowering that cost. The energy required to
make use of hydrogen energy must be reduced by
making imprc-ements in efficiency. New materials
and components must be developed, tested aad eval-
uated in this search.

The size and variety of components now being
developed for applications involving hydrogen
production, storage and use have groom to the
point where an integrated service s,}stem is re-
quired for performance testing of the components.
this need is being satisfied by construction of
the Hydrogen-Technology Advancer-Component Test
System (HYTACTS). The components are those used
In electrolytic hydrogen production, storage of
the hydrogen as a metal hydride, and use of the
released hydrogen for electric power generation
in a fuel cell, or for use as a combustible fuel.
Also to be evaluated is the performance of the
related control equipment, sensing elements, in-

strument tion, and the materials of construction.
The skills of various industrial organizations are
being used in this development work so that they
can acquire new knowledge and thus assume a res-
ponsible role in furthering the Cerelopment.

PROGRAM PHASES

Work will be done first on components of an
Electric Energy Storage System. Here power which
is produced at minimum cost is stored for use when
the cost of production is appreciably higher. That
is, off-peak or spinning-reserve power is stored
for use when the demand for power exceeds the
system capacity. The system now under development
is known as the Hydrogen-Chlorine Energy Storage
System. This system operates as a closed chemical
loop and is based on use of a reversible electro-
chemical cell being developed by General Electric
Co. The working fluids are hydrochloric acid in
the electrolyzer mode and hydrogen and chlorine in
the fuel-cell mode. Details on cell development
are presented in another section of the Proceed-
ings.

The hydrogen storage section of the HYTACTS
is being constructed first because this tech-
nology is ka a more advanced state of development
than the electrochemical technology. Here the
tasks deal with heat transfer and hydride expan-
sion in the particle bed as well as behavior of
materials and components in contact with hydrogen
and the hydride. Two 0.6M (2 ft)-diameter vessels
having different features will be tested initially
under conditions suitable for stationary app-
lications. They are called Variable-Parameter
Test Units (VPTU) because the internal assemblies
can be replaced by modified units. The first
VPTU is only 0.9M (3 ft) long and will be used
primarily for hydride expansion work as ex-
plained below. The second VPTU is 2.16M (7 ft)
long and will be used primarily for obtaining
data on hydrogen charging and discharging (trans-
fer) rates and for tests of the Electric-Energy
Storage Systc.,;.. Subsequently a scaled-up version
of the storage vessel, perhaps 0.9M (3 ft) in
diameter and 6.16M (20 I*t) in length, will be
tested. It will be a preprototype sub-module de-
signed for use at an electric utility site as part
of the Hydrogen-Chlorine Energy Storage System.
Vessels of this type could also be used as sub-
stitutes for propane containers used in rural
areas.

Concurrently, work on design, fabrication and
installation of the other components of the
Hydrogen-Chlorine Electric Energy Storage System
will be undertaken in conjunction with a qualified
organization.

Later on, work will commence on design and
testing of reservoirs and a control system for use
in automobiles. Designs suited for various drive
cycles will be developed and tested using FeTi-
based and high-Mg hydrides, or other suitable
storage media. This work is of prime environ-
mental importance because the main product of
hydrogen combustion is water. It is also challen-
ging because the storage system mast have a
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tolerable weight, in addition to being potentially
competitive with liquid fuels.

HYDRIDE TEST PROGRAM

The main physical problem to be solved for
hydrogen stored as a hydride deals with the
accommodation of hydride expansion. Operating
experience and specific studies have shown the
Fe-Ti based hydride (FeTiH ) can cause permanent
deformation of the container (1). The value of
x has a typical range of 0.2 - 1.6 under dynamic
conditions. In beds of hydride particles more
than 11, 0.15M (% 6 in.) deep, it appears that the
volumetric expansion (% 107) which occurs during
hydriding, and the subsequent contraction during
dehydriding, gradually cause a reduction in the
void space. At some point the angularly shaped
particles become "locke-!-in" and have limited
movement; then expansion • of the container occurs.
Two means of avoiding damage to the container will
be tested. The first technique consists of pro-
viding a means of briefly loosening the bed,
prior to hydriding, by very rapid addition of
hydrogen to induce incipient fluidization. The
second method avoids the problem by limiting the
bed depth so that the hydride can freely expand
upward.

In order to sustain hydrogen transfer in a
hydride bed, heat must be removed during hydriding
and provided during dehydriding. Several styles
of heat exchangers utilizing water will be tested;
namely, U-tube (plain), embossed-plate, and
water-jacLeted (canned hydride). After testis,.; of
these units,fhere will be sufficient information
to develop a scaling correlation for future de-
signs.

A simplified flow diagram for the hydrogen
storage section of the HYTACTS is shown in Figure
1. Hydrogen will be supplied either by a tube
trailer (99.8% min. purity) or a water electro-
lyzer. In the purifier the level of contaminants
is reduced to about 0.0005% by means of a deoxidi-
zer, which converts residual oxygen to water, and
a molecular-sieve drier. A compressor is used
to repressurize the hydrogen for storage in the
bank of 24 tubes (ti 37M3 or 1 1000 Ft 3 at STP).
During charging the hydrogen is reducr_.! in pre-
ssure, and flow to the hydride bed is controlled
and integrated. At the start of charging the
same components provide a very hit,h flow rate for
a few seconds in order to loosen the bed. During
discharging, hydrogen flows through a flow con-
troller-integrator to the compressor and back
to the supply tanks. The gas analyzer will be
used to check purity of the hydrogen.

Both storage vessels are being fabricated of
suitable carbon steels and have flanged heads.
Materials whica passed screening tests in 4.1 MPa
(600 - psi) hydrogen at Sandia Laboratories (SL)
were subjected to an FeTiH environment at BNL in
the form of self-loaded tensile specimens. An
evaluation of their performance at SL has con-
firmed the suitability of the s:lected materials
(2). Details of the test results are reported by
S. L. Robinson in another section of the Proceed-
ings. The vessel shell and nozzles are made of
seamless steel pipe (ASTM Spec. A106-B) and the

caps and flanges are made of similar m,.Lerial:
steel plate (ASTM Spec. A-516 Grade 70) is
recommended for a rolled and welded shell made
from plait.

The first VPTU, which is being fabricated at
BNL, is shown in simplified form in Figure 2. Tt
has six porous metal tubes (PMT) for use in loosen-
ing the hydride bed, and three other PMT for
normal hydrogen flow in or out of the vessel. The
thermal load is handled by four embossed heat-
transfer panels made of carbon steel. Two flat
panels with double embossing are located on
opposite sides of the vertical centerline, and
two curved panels with single embossing fit
against the sidewall. A temperature-controlled
stream of cold or hot ethylene glycol solution
is circulated in a closed loop by a pump.

The second and longer VPTU is being designed
and fabricated by Foster Wheeler Energy Corp.
(FWEC) under a subcontract to BNL. A simplified
sketch of thi , vessel is shown in Figure 3. It
has panels of porous metal sheet for hydrogen
distribution and filtration. A new feature to be
tested is a hollow center body which is designed
to collapse before the vessel expands beyond the
yield point, if the hydride bed becomes packed too
tightly. The thermal load in this VPTU is handled
by a U-Tube heat exchanger which has the tubes
aligned vertically in order to minimize inter-
ference during loosening of the bed. The nominal
power rating of this vessel is 50kW for 10 houre
(500 kWh).

It is also planned to test a stack of vertical
trays in the second VPTU. The vessel will be
mounted with its axis in a vertical plane; and the
tray depth will be close to 0.15M (6 in.) An em-
bossed heat-transfer panel will be used for the
bottom of each circular tray.

Both vessels and the HYTACTS piping for the
storage section are now being constructed. It is
expected that the first tests will be started near
mid-1978.
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HYDROGEN STORAGE SECTION OF HYTACTS
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HYCSOS:  A CHEMICAL HEAT PUMP AND ENERGY CONVERSION SYSTiai BASED
ON METAL HYDRIDES*

Dieter M. Gruen, Irving Sheft, George Lamich, and Marshall Ii. Mendelsohn
Chemistry Division

Argonne National Laboratory
9700 South Cass Avenue

Argonne, Illinois 60439

Abstract

Dpsign and construction features of the ANL demonstration test facility which utilizes four stainless
steel tanks holding 10 lbs. each of either T aNi5 or CaN15 are given. The operation, instrumentation and
control of the system is detailed with the aid of photographs, drawings and a system layout diagram.

Initial operation of the system has shown that 33 moles of hydrogen can be transferred from LaN1 5 at
ti 8°C to reform CaN15H4 at 40°C with cycle times approaching 2 minutes for 50% hydrogen transfer. The
relevant data pertaining to these'experiments are given in graphs and tables. The program for FY1978
includes work on a fully automated and insulated system to establish a firmer data base, obtain power
balances and determine optimum operating parameters. In order to achieve these goals in a reasonable time
frame, a data display and handling system is being installed. A second generation heat exchanger based
on aluminum foam technology will be tested.

A materials development program is being carried out concurrently with HYCSOS operations. Signifi-
cant process is being made in the development of new, ternary alloy systems, based on the composition
LaN15-xAlx which display svinerior properties for heat pump action. An economic and performance analysis
is being carried out to evaluate the potential of the HYCSOS system for commercialization.

*Work performed  under the auspices of the Division of Energy Storage, USDOE.
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I. Introduction

The Argonne JJYCSOS system, a two hydride con-
cept for the storage and recovery of thermal ener-
gy for heating, cooling and energy conversion in
an integrated oyotem, is operational and prelimi-
nary results are described with the help of heat
transfer fluid and hydrogen gas flow diagrams. In-
itial descriptions of the overall concept (1), and
a thermodynamic analysis of the efficiency of the
energy conversion cycle have appeared [2) and the
overall eystems concept has been described 13).
Operat4mg parameters for the 11YCSOS demonstration
systeri have.also been detailed elsewhere [4,5,6).

Equations for chemical heat pump action for a
twy metal hydride system have been developed [7);
the hydrogen decomposition pressures of a series of
compositions in the new LaN15-xAlx ternary alloy
system have been measured [8); and the relation-
ship between the configurational entropies and the
stabilities of intermetal'ic alloys have been clar-
ified (9,10).

In its simplest form a hydride heat pump would
consist of two hydride beds, each containing a
different hydride. The beds would be interconnec-
ted to allow hydrogen gas to flow between them.
Means would be provided for the input of high
temperature heat from solar concentrating collec-
tors; for heat rejection to or heat acquisition
from the atmosphere; and for heat input to or heat
rejection from the building.

To provide a near-continuous heat pumping
action the HYCSOS concept uses four hydride beds,
two with LaN15Hn and two with CaNiOn. The respec-
tive beds can exchange heat during the temperature
change periods and with the exception of these
periods the heat pumping action is continuous.

At present, work is proceeding on an engineer-
ing design concept and analysis of a small resi-
dential-sized HYCSOS chemical heat pump system [11].
This system will use aluminum foam heat exchangers
of novel design and a halocarbon refrigerant for
heat transfer with boiling and condensing heat
exchange. The use of the halocarbon will enable
the system to operate as a heat pump in the winter
because it will not freeze. The condensing and
boiling heat transfer occur at very small tempera-
ture drops so that the system efficiency is in-
creased. Because a large portion of the heat
transfer fluid is in the gaseous phase in both the
evaporating and the condensing process, the inert
thermal mass which degrades the system performance
for a water heat transfer fluid will be much less.
In addition, the enthalpy change per unit volume
of fluid pumped is greater than for sensible heat
transfer with water. For the same heat transfer
rates, this results in reduced inert thermal mass,
reduced cost for fluid lines, aad reduced *lumping
power.

In addition to providing air conditioning in
summer and heating in winter by chemical heat pump
action, the system will provide electrical power
during the spring and fall or with electrical
power input, operate as a conventional heat pump.

At present, the work on the small chemical
heat pump/air conditioner/electrical power/heat
pump system is directed toward producing an auto-
mated set of design and performance programs

because the variables involved in the design cal-
culations require many iterations. Some results
on the system will be available by the end of this
year, but preliminary indications are that it will
be cost-competitive with small LiBr-H2O absorption
refrigeration systems.

The technological "fit" between this system
and concentrating collectors is very good. This
system takes the high thermodynamic availability
of the high-temperature heat output of the concen-
trating collector and uses it to provide a larger
amount of lower grade heat to the residence or
cooling or electrical power. The ability of the
system to use solar thermal input during periods
when little heating or cooling is required means
that the cost of the collectors can be amortized
over the whole year.

II. System Design Description

A. General

A demonstration test facility has been con-
structed, experimentally,to evaluate the HYCSOS
chemical heat pump and energy conversion concept.
Tht test facility enables one to transfer hydrogen
gas from tanks containing a metal hydride bed of
one composition to tanks containing a metal hydride
bed of another compositio:., under the influence of
a thermal gradient. The heat of formation of the
metal hydride (CaN15H6) and sensible heats associ-
ated with system heat capacities are supplied, at
a specific temperature which is commensurate with
the hydrogen pressure required to decompose the M1
hydride and drive the hydrogen to the other metal
(LaN15), where the hydrogen is absorbed.

The test facility, jointly designed by the
Argonne Chemistry and Engineering Divisions, con-
sists of four reservoirs (tanks) of approximately
one-half gallon volumetric capacity each, con-
taining two different types of metal powders or
metal hydride powders. The reservoirs and hydro-
gen piping system are made of 316 type stainless
steel. For the heat storage and refrigeration
tests, two of the reservoirs contain lanthanum-
nickel and/or its hydride, the other two reservoirs
contain calcium nickel and/or its hydride. For
the power generation tests, only three reservoirs
are used containing either lanthanum-nickel or
calcium-nickel.

Internal heat transfer surfaces are provided
in each of the hydride bed reservoirs in the form
of coiled tutting; the heat transfer cooling or
heating fluid circulates inside the tubing. Safe-
ty relief valves, filters, flowmeters, shutoff
valves, and manifolds between the hydride beds are
provided in the hydrogen process system. The heat
transfer fluid (water) is heated electrically in
this demonstration system, with automatic variable
power input controls, to simulate a solar heat
source. Tap water is used as the heat sink in a
heat exchanger system. Pressures, temperatures
and flowrates are measured remotely, monitored and
recorded using a digital data acquisition system.

The size of the demonstration unit was chosen
as a compromise to permit large enough flow rates
within the process fluids so standard flowmeters
can be used, and pumping and heating power
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requirements to be met frem available laboratory
supplies. Heat losses are kept to a minimum with
prover insulation and by keeping heat transfer
fluie volumes to a minimum. For pevsonnel safety
cons0er gtIons, the hydride tanks are surrounded
by a well ventilated hood through which a large
volume flowrate of air (2000 CFM) is drawn and
exhausted outdoors. Continuous hydrogen concentra-
tion monitoring, with an alarm set below the flam-
mability limit, is provided to warn of potential
danger.

Design of the hydride beds internal heat ex-
change surface configuration, line sizes and pump-
ing rates were dictated by design goal cycle re-
sponse times. The power generation mode has the
shortest characteristic design cycle time (12 min-
utes) which requires individual bed thermal tran-
sients to be completed in approximately 2 minutes.
These times are design goals. Thermal response
limitations of associated components (thermal iner-
tia of lines, pumps, valves, and heaters), which
were not considered in detail in the design analy-
sis, are expected to degrade the achievable cycle
response time of the individual hydride bed to
perhaps 4 minutes. The heat storage mode and re-
frigeration modes of operation have design goal
cycle times one-half hour and 4 to 8 minutes, re-
spectively, so these modes are not design limiting.
It will be seen that in the initial operations
design cycle times are approached. Figure 1 gives
an overall view of the test facility.

B. Heat Transfer Fluid System

Three fluid heat transfer loops, Fig. 2, are
available and can be remotely valved and pumped to
the appropriate tanks. The solar or other suitable
low temperature thermal energy input, loop A, is
simulated by an 18 KW electric heater. Loop B,
a water cooled heat exchanger of 25 KW heat trans-
fer capacity, represents the space being heated in
winter and serves for ambient heat rejection during
cooling cycles. A heat exchanger cooling water
circuit is provided from the building water supply.
A third fluid loop, loop C. with a 6 KU electric
heater is the refrigeration heat load in the cool-
ing cycle and the ambient heat supply during the
recovery cycle.

The heat transfer system contains water in
all three heat transfer fluid loops. The valves
which control the flow of water through the hy-
dride tank heat exchangers are double acting air
actuators controlled by solenoid operated air
valves. The water plumbing system is 3/4 inch x
.065 wall hard copper tubing with soft-soldered
(50/50 type) socket joint fittings.

Each flow loop incorporates a one gallon fluid
expansion and surge tank of type 304 stainless
steel and rated for 400 psig operation. Each
surge tank has a sight gauge to show liquid level,
nitrogen pressurization valve, a relief valve and
a water fill valve.

The heating loop "A" has three electric heater
assemblies for heating the water. These heaters,
arranged in parallel flow, consist of a 240 VAC
Watlow "Firerod" cartridge heating element 5 feet
long of 6 KW capacity encased within 1 1/8 inch OD
type K hard copper tubing. The heat transfer flu-
id outlet is in line ulth the axis of the assembly
at the opposite end from the inlet.

A bypass throttling valve (VTA) is used to
manually vary the flow rate of heat transfer fluid
through the hydride beds. Flow loop A incorporates
a bypass relief valve to protect the pump in the
event that all inlet valves are closed. A manual
bronze ball valve is incorporated at the low point
In the loop to drain the system. The pump is a
turbine type rated at 6.2 gpm at 65 paid, and is
driven by a 1/2 hp electric motor.

Cooling loop "B" features a water to water
heat exchanger for cooling the recirculated process
fluid. Tap water from a 1 1/2 inch, 60 psig labor-
atory supply is used to cool loop B fluid. The
water pump is a turbine type having a rating of
12.4 gpm at 65 paid and using a 1 1/2 hp electric
motor drive. The loop has a water bypass relief
valve (VBB) and a throttling bypass valve (VTB).

The water pump for the water cooling loop
associated with loop B is also a turbine type. Two
bypass flow loops around the water pump are pro-
vided. One with a pressure relief valve to protect
the pump in case of operator error and the second
bypass loop allows for adjustment of the water sink
temperature in the heat exchanger, and the conse-
quent heat exchanger heat load capacity, by manual
adjustment of throttling valves.

The refrigeration loop "C" features a single
electric heater of 6 KW capacity, which serves as
the equivalent heat load of this circuit. The
turbine type pump is rated at 6.2 gpm at 65 paid
a ' is driven by a 1/2 hp electric motor. Detailed
fluid system requirements are shown for each cir-
cuit (Tables 1, 2, and 3).

Table 1. Heat Transfer Fluid Loop A

Maximum Fluid Temperature 135°C(275°F)
Design Temperature Range 110-1356C (70-275°F)
Design Pressure (max) 110 psig
Relief Pressure 110 psig
Static Pressure 40 psig
Pump Pressure (Hea . 6V paid
Flow Rate (max) f gpm
Heat Transfer Fluid water
Power Input (Heating) 0-18 KW
Heater Voltage 0-208 (30) VAC
Pump Power 0.50 hp

Table 2.	 Heat Transfer Fluid Loop B
Primary Loop

Maximum Fluid Temperature 61°C (142°F)
Design Temperature Range 25-50°C (77-122°F)
Design Pressure (max) 100 psig
Re: of Pressure 110 psig
Static Pressure 40 psig
Pump Pressure (Head) 60 paid
Flow Rate 12 gpm
Heat Transfer Fluid water
Heat Transfer Capacity 25 KW

(70°F sink, 122°F source)
Pump Power	 1.5 hp
Heat Exchanger Cooling Water Circuit
Maximum Temperature	 21°C (70°F)
Design Pressure	 120 psig
Static Pressure	 60 psig
Pump Pressure (Head)	 60 paid
Flow Rate (max)	 6 gpm
Heat Transfer Capacity	 25 KW

(70°F/21°C sink, 122°F/

Pump Power	 0?50 hpurce)
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Table 3. Reat Transfer mop C

Maximum Temperature 61°C (1420F)

Design Temperature Range -31" to 21°C (-24 to
70°F)

Doaign Pressure (Max) 100 psig
Relief Pressure 110 psig
Static Pressure 40 prig
Pump Pressure (head) 60 paid
Flow Rate (max) 6 gpm
Heat Transfer Fluid water
Power Input (Heating) 0-6 KW
Beater Voltage 0-208 (30) VAC
Pump Power 0.50 hp

C. Hydrogen S btec,

The hydrogen system consists of hydride tanks
with internal heat exchangers, piping and valving.

Four metal/metal-hydride filled tanks are used
in the demonstration system as shown in the system
layout. Each of these tanks is constructed as
shown in Fig. 3. The tank cylindrical wall is a
9 1/4 inch length of 4 inch SCH 10 type 316L
stainless steel pipe. The tank heads are 4 inch
SCH 10-IPS type 316L stainless steel pipe caps.
Stainless steel tabs are welded to the side of the
cylinder for mounting the tank in a vertical orien-
tation.

A number of coils of tubing form a heat ex-
changer inside of each hydride tank. External
shaped tubing cooling/heating coils attach to the
outside of each tank. Internal manifolding for
the cooling/heating coils is provided by a Tee
shaped tubular assembly which connects to the out-
let manifold head.

Each tank was constructed so that all pressure
boundary welds were 1001 radiographed and dye pene-
trant checked. The tanks were hydrostatically
tested to 1000 psig. Each tank was constructed
with the top hydrogen outlet and the bottom water-
glycol inlet and outlets; having compression type
fittings such that any of the tanks can be readily
removed from the system for changing hydride mater-
ial. The hydride material which fills each tank
approximately 2/3 full is poured in or out through
the top hydrogen line.

A hydrogen filter is incorporated immediately
above the hydride tank to preclude particulate,
transfer of hydride through the lines into the
valves, which could cause leakage, and contamina-
tion of the other type hydride material. The
cylindrical pressure shells are 2 inch SCH 10 type
316 stainless steel pipe containing a cylindrical
porous sintered 316 stainless steel filter element
having 0.25 sq. ft. surface and a 1 micron abso-
lute filtration retention.All pressure boundary
welds were 100% radiograph and dye penetrant
tested. The filters were hydrostatically tested
to 1000 psig.

The hydrogen piping between each hydride tank
and its file-.Pr Is 1/2 inch diameter type 316 stain-
less steel tuUng having .049 inch wall thickness.
Above the ilt;rs, all of the hydrogen lines are
3/8 inch di::ueter type 316 stainless steel tubing
having .035 :n Ak wall thickness. The tubing

oectioW and coOponents in the hydrogen flew sys-
tcm are connected together using Swagelok fittings.

Tito remote actuated hydrogen valves are nomi-
nal 3/8 inch bellows sealed typo 316 stainless
oteel valves with air to open, spring closed actua-
tors. The manual hydrogen valves for filling and
venting the hydrogen system and the relief valves
are also 3/8 inch bellows sealed type 316 stainless
oteel. Design requirements for the hydrogen sys-
tem are shown in Table 4.

Table 4. Hydrogen System
Hydrogen Loo
Design Pressure (max) 	 750 psig
Deoigt. Pressure (min)	 30 psig
Relief Pressure	 825 psig
Design Temperatu-e (max)	 135°C ('275°F)
Design Temperature (min)	 -31°C (-24°F)
Hydrogen Flow Rate (max)	 0.55 gm/sec
The hydrogen shall be filtered to 1 micron absolute
size at the outlet of each hydride tank.

Hydride Tanks
Design Pressure (max) 750 psig
Design Pressure (min) 30 psig
Relief Pressure 825 psig
Design Temperature (max) 135°C (275°F)
Design Temperature (min) -31°C (-24°F)
Free Internal Volume 2.5 liters
Hydride Volume 1 to 1.5 liters/tank

D. Hydrogen System Instrumentation

The instrumentation and control functions
which are required for operation of the demonstra-
tion unit, for the most part, are separate from
the experimental apparatus. Air operated remote
valves in the hydrogen system were specified to
eliminate spark and explosion potential.

Flow from each hydride tank is measured using
a Brooks heated tube mass flowmeter. Remote re-
cording of flow rate and integrated flow is done
with a digital data logger. Remote readout is on
a graphic display panel. The hydrogen flowmeters
are located on the "clean side" of the filters to
minimize contamination from the fine hydride par-
ticles. Four hydrogen flowmeters are provided.

Hydrogen absolute pressure level is monitored
at a position in the system immediately above the
filter (on the clean side) using Sensotec metal
diaphragm, type transducers rated from 0 to 1000
psis. Four hydrogen pressure transducers are pro-
vided. The pressure drop through the filter
during hydrogen flow conditions is accepted as a
known system error for initial phases of operation.
Temperature of the hydrogen is monitored at a posi-
tion above each filter using immersion type copper/
constantan thermocouples inserved into the flow
stream. Temperatures are recorded on the digital
data logger which provides automatic reference
temperature compensation.

E. Heat Transfer Fluid Transport System Instru-
mentation

Temperatures of the water heat transfer fluid
and water coolant are measured using immersion
type copper constantan thermocouples and are re-
corded on the digital data logger. Heat transfer
fluid temperatur4s are measured at the inlet and
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outlet of eadh of the four hydride beds (e.g., TLA1
and T1A2 for bed HT1; see Fig. 2). In heating loop
A. heat transfer fluid temperatures are measured
at the inlet and outlet of the electric heater (TAI
and TA4). In cooling loop B, heat transfer fluid
temperatures are measured at the inlet and outlet
of the heat exchanger (TB1 and TB2). In the water
cooling circuit, the temperature of the supply
water (TWO and the temperatures of the water at
the inlet and outlet of the heat exchanger (TW2 and
TW3) are measured. In refrigeration loop C. the
temperatures of the heat transfer fluid at the
inlet and outlet of the electric heater (TC1 and
TC4) are measured.

Heat transfer fluid flowrates are measured at
the inlet to each hydride bed heat exchanger (e.g.,
FIAB), using turbine flowmeters. The signal from
each of these flowmeters is recorded by the digital
data logger and also displayed on the remote graph-
ic panel. The .bypass flows of heat transfer fluid
in loops A, B, and C and the recirculation flow of
water in the water cooling circuit are measured
locally with Rotameters. Water flow through heat
exchanger (HXB) is measured using a turbine flow-
meter and is recorded on the digital data logger
and displayed on the remote graphic display panel.

Pressure levels in the heat transfer fluid flow
circuits are measured with local indicating gauges.
The gas pressure above each surge tank (in loops
A, B, and C), the heat transfer fluid pressure on
the downstream side of the pump in each circuit
(loops A. B, and C) and the laboratory water supply
pressure are measured locally.

F. Fluid Transport System Controls

The valves which control the water heat trans-
fer fluid flow through the hydride bed heat ex-
changers are air actuated solenoid valves. Sets
of solenoid valves associated with a given hydride
tank are controlled by a single switch to prevent
a tank from being simultaneously open to more than
one fluid loop. The bypass throttle valves (VTA,
VTB, and VTC) in loops A, B, and C, which control
the net flowrate of heat transfer fluid through
the hydride bed heat exchangers, and the water
supply valve are manually operated.

The electrical heater for the heat transfer
fluid in loop A can be controlled from the graphic
panel, in either a constant power mode or in a
constant output fluid temperature mode of opera-
tion. Power level or fluid temperature level is
adjustable from the remote control panel. The
constant temperature mode of operation for the
heater in loop A operates with feedback control
of temperature as monitored by thermocouple TA2
located downstream of the heater. The fluid heat-
er for loop A has an interlock to shut off power
when flow through the systF-m is below a set level
as determined by flowswitch (FSA). If the set
heater outlet fluid temperature is exceeded or the
power to pump PA is lost, a safety interlock shuts
off the heater power.

An identical electrical heater control system
is provided for flow loop C. Thermocouple TC2
controls output fluid temperature via heater con-
trol HC. Overtemperature of the output fluid is
precluded via interlock (HC) using thermocouple
TC3. Flow switch FSC shuts off the heater power
if the flow rate is too low. The pump (PC) must

be energized before the heater can be energized.
Controls for the two aforementioned heater and
pump functions are mounted on the remote panel
along with indicators of the specific functions
(i.e.. status lights and panel meters for set
point temperatures and power levels). Flow loop B
and the water coolant recirculation pump have an
on-off switch for pump power. The energy usage for
each beater and pump is recorded by the data log-
ger. Heater powers are displayed on the graphic
panel.

G. Data Logger

The short HYCSOS cycle times necessitate an
automatic data logger to record all of the perti-
nent system variables For analysis. The data log-
ger used is a John Fluke Mfg. Co. Model 2240 A
with 30 wide range voltage input channels. and 15
alarm limits. The data logger currently samples
input data at the rate of three channels/second
and prints output information on paper tape.

H. Hydrogen Safety

Because of the wide explosive and flammabil-
ity limits of air-hydrogen mixtures, the hydrogen
containing system is housed in a well ventilated
enclosed structure. with an air flow of 2000 CFM.
This flow is sufficient to maintain the hydrogen
concentration below the 4 volume percent flammable
limit in a maximum credible accident. the release
of the total 43 SCF of hydrogen during the two
minute thermal transient excursion of the energy
conversion mode. The sloping top of thew neloeing
and continuous hydrogen concentration monitoring
prevent unknown accumulation of hydrogen. Limit
pressure alarms on each tank warn of potential
hydrogen buildup in the tanks. Pressure relief
valves on each tank are set 10% below the design
pressure limit.

III. Hydride Materials

The Argonne HYCSOS concept requires pairs of
hydrides having pressure-temperature relationships
which permit reversible hydrogen transfer at ap-
propriate temperatures. Alloys of the form ABS
are eminently suitable for this purpose. By
varying the materials A and 3 and the ratio B/A,
pressure-temperature relationships over wide
ranges are obtainable [12).

Calcium nickel hydride and lanthanum nickel
hydride are being used for the initial HYCSOS
tests. The pressure temperature relationshps of
these hydrides are illustrated in Fig. 4. A new
generation of alloys based on the LaNi5-xAlx or
the MmN15xAlx system has recently been developed
and will be used in the next phase of the HYCSOS
program [8).

IV. Results and Discussion

In order to evaluate heat balances in the
various hydriding and dehydriding cycles, it is
necessary to know base-line thermal characteris-
tics of the HYCSOS system. Usins; measured inte-
grated heater power inputs, preliminary heat
capacity values have been determined for empty
uninsulated portions as follows:
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Heater Loop A+ Tank 2 • 7.1 kcal/deg.

Heater Loop C+ Tank 3 . 1.9 kcal/deg.

The heat equivalent of the pump power input under
typical operating conditions is about 200 watt
hours, sufficient to raise the heat transfer fluid
in the uninsulated loop by approxiLutely 25%.
These and other measurements will be re-run of the
insulated system.

Because of ready availability in sufficient
quantity, CaNi5 and LaNi5 have been used in the
first series of tests. Five kilograms (11.561
moles) of LaNi (Molycorp.) was put through a B12
sieve (1.68 mm) and added to tank 3 through the
hydrogen gas tube. Approximately half the charge
was fine powder obtained by ballmilling oversize
pieces. An equivalent hydrogen capacity amount of
sieved CaN15, 5.8 Kg (17.341 moles), (Novamet
Corp., International Nickel Co.) was added to tank
2. Determination of the bulk density by reduction
of gas volume in the tanks after addition of the
alloys, 8.9 gm/cc for LaNi5 and 6.9 gm/cc for
CaN15. compares favorably with the crystal density
measurements of 8.3 gm/cc for LaNi 5 and 6.7 gm/cc
for CaNi5.

A troximately thirty-seven moles of ultra high
purity hydroge:: (Matheson, 99.9997.) were added in
five to ten mole batches at 600 PSI to initially
hydride and activate tho LaNi 5 . The final composi-
tion was LaNi5H6.10 at 16.3°C and 124 psi. Hydro-
gen to activate the CaNi5 was transferred from the
LaN15H6, I at 78°C to the CaNi 5 at 12°C to form
CaNi5H3.4 at 21.7 psi leaving LaNi5H.74 as the
residual composition of the LaNi5 hydride. Cal-
cium nickel hydride was decomposed in the storage
mode by circulating water at 100°C through its bed
and absorbing the hydrogen on the LaNi5, cooled
to remove the heat of hydride formation. Typical
data collected on the data logger for the storage
mode is shown in Fig. 5. Figure 6 is a linear
plot of the integrated power required to maintain
the temperature of the dissociating CaNi 5 hydride
at a relatively constant 100°C. The intercept of
the extrapolation to the vertical axis, the start
of hydrogen transfer, is the energy actually used
to decomprae the CaNiSH3.66 and give up approxi-
mately 25 moles of H2. The determined value,
0.225 KWH, gives a calculated heat of dissociation
of CaNi5H4 of 7.7 kcal/mole H2, to be compared
with a literature value of 7.5 kcal/mole H 2 . A
typical recovery mode is shown in Fig. 7.

A summary of the data obtained in three cycles
in the storage mode, the high temperature decompo-
sition of CaNi5 hydride and formation of LaNi5
hydride and three cycles in the recovery mode, the
low temperature decomposition of LaN15 hydride and
formation of CaNi5 hydride are shown in Table 5
and Table 6, respectively. The data represent the
first 15 minutes of a 45 minute cycle when 75%-90%
of the hydrogen was transferred. AH B is the heat
of formation or decomposition for the amount of
hydrogen involved expressed as a positive quantity.
The heat recovered or heat added is the product
of the temperature difference across the appropri-
ate tank, taken at one minute intervals, and the
fluid flow di ring chat interval. The initial
hydrogen f]Mv when the valve was first opened was
so large as to exceed the instrumentation limits
and may also account for loss in heat measurements
in the first minute interval. Except for the high

temperature dissociation of CaNiS hydride. no
attempt was made in these preliminary experiments
to maintain isothermal conditions and together
with heat loss in the initial interval measurement
could account for the incomplete heat balances.
The temperature rise of the decomposing LaNi 5 hy-
dride after seven minutes. Fig. 7, is due to heat
Input from the pump.

All of the runs up to now have been made in
the absence of insulation. The next phase of oper-
ation will be to determine heat balances and cycle
times with thermal insulation in place and with
the system operated automatically using a data
handling and display package.

It can be concluded that the system is meeting
design specifications and that the scientific
feasibility of the HYCSOS concept has been demon-
strated.

Table 5. Storage Mode Hydrogen. Transfer:
CaN1 5 Hydride to LaN15

	

CaNiS HYDRIDE	 LaNi, HYDRIDE
Heat	 Heat

Run	 H2 AHB Heat Add. AHB	Heat	 Rec.
Moles kcal added AH B kcal	 Rec.	 AHB

kcal	 P	 kcal	 2

6	 20.65 154.88 177.20 115 148.68 135.03	 91
8	 22.59 169.42 203.36 120 162.65 122.66	 75

10	 21.09 158.18 164.60 104 151.85 124.22	 82

Table 6. Recovery Mode Hydrogen Transfer:
LaNiS Hydride to CaNi5

CaNig HYDRIDE	 LaNi5 HYDRIDE,

	

Heat	 Heat
Run	 H2 AHB Heat Rec. AHB	Heat	 Add.

Moles kcal Rec. AHB kcal	 Added	 AHB
kcal °4	 kcal	 %

7	 23.36 175.20 149.75 85 168.19 119.09 	 71
9	 18.10 135.75 137.22 101 130.32 	 97.04	 74

11	 21.91 164.32 164.30 100 157.75 157.75 	 76
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DRI RESEARCH PROGRAM ON IN MOVED HYDRIDES

C.E. Lundin, F.E. L;'mch, and C.B. Magee
Denver Research Institute
University of Denver
Denver, Colorado 80208

ABSTRACT

The emphasis in this research program is to develop
new and improved hydride storage materials. The approach
will be to employ DRI developed predictive techniques to
sele.E candidate systems. Those systems with potential
will be fully characterized and ultimately optimized by
alloy addition. The goal is to develop hydrides with more
than 3 weight percent hydrogen.

The studies during this review period were devoted
principally to five subject areas. These were: (1) studies
of AB Laves phase, and their hydriding characteristics,
(2) tae analysis of hysteresis effects in hydride storage
materials and the development of a rationale for hysteresis
effects, (3) hydriding studies of ANiS systems in which
Ni was partially replaced with two neighboring elements,
(4) hydriding studies of titanium-base, beta solid solution
alloys, and (5) design, procurement, and construction of a
new Sievert's apparatus and an activation apparatus.

N,
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I. Introduction

A research program was initiated approximately
four months ago between the Brookhaven National
Laboratory and the Denver Research Institute,
University of Denver to develop hydrogen storage
materials for application to energy needs. The
principal program objectives are to develop hy-
drideo with hydrogen capacities of at least three
weight percent. The general approach to selection
of materials will rely heavily on a predictive
criterion developed in our laboratories( 1 ). The
criterion to be employed i;; a correlation of the
free energy of formation (.:< the hydride with the
interstitial hole sizes in the metallic lattice.
Attention will also be given to establishing the
following properties: 1) decreased materials cost,
2) contamination resistance, 3) minimized hyster-
esis, 4) maximized kinetics, 5) ,good thermal con-
ductivity, 6) safe handling properties, and 7)
long-term recyclabilit-. Ultimately;a series of
fully characterized, hydrogen storage materials
should be made available for various applications.

II. Research Progress

During the period covered by this project re-
view, five separate sut;ect areas of study have
been initiated. These ere:

A. Experimental study of the hydriding character-
istics of selected AB2 compounds of the Laves
phase type including an analysis of the general
structural and geometric cLaracteristics of the
C14 and C15 Laves phases and the type and number
of interstitial sites for hydrogen occlusion.

B. Literature review of hysteresis effects in
hydrides, development of a rationale from an
analysis of prior theories that would be appli-
cable to current lesser stable hydrides of
interest, and preparation of a paper summarizing
the significant findings to promote a better
understanding of hysteresis effects for presen-
tation at the International Symposium on Hydrides
for Energy Storage in Gjeilo, Norway during August
14-19, 1977.

C. Initiation of hydriding studies on ANi 5 com-
pounds where Ni is partially replaced by two
neighboring elements.

D. Initiation of hydriding studies on titanium-
base, beta solid solution alloys.

E. Design, procurement, and construction of a
new Sievert's apparatus and design, procurement,
and construction of an activation apparatus.

As stated in the Introduction, the selection of
candidate materials is not to be left to intu-
itive or statistical sampling as has been the case
in many previous studies. Several selection rules
have evolved which are generally known and
accepted. These will be employed as required.
For instance, compounds which hydride are those
in which one of the elements is a former hydride
itself. Earlier studies ( 1 ) at DRI have also
provided.a better understanding of the hydrogen
occlusive process. These studies resulted in the
development of a useful predictive criterion (2).
The criterion entails a linear correlation between
the standard free energy of formation of the
hydride (or logarithm of the plateau pressure) and

the interstitial hole size of the metallic compound
lattice. The correlation teaches that the larger
the interstitial hole size, the more stable the
hydride, basing the comparison at a constant tem-
perature (usually 250C). The correlation for each
structure type is different and must be established
first with experimental hydriding and lattice para-
meter data for several representative compounds.
The stabilities of unknown compounds with the same
structure type can then be determined by convert-
ing lattice parameter data into the interstitial
hole size and obtaining the stability from the
correlation plot. With more complex structure
types, where the hole size is difficult to locate
or calculate, atomic volumes can be used. The
atomic volume is roughly proportional to the volume
of the interstitial holes.

The stability-size correlation has been verified
by data from many investigators as well as by our
own. Also, it has been demonstrated with many
different structure types. Only a few exceptions
have been observed. This predictive tool is not
only useful for locating new storage compounds, but
also for adjusting or tailoring the stability of
known materials to higher or lower pressure levels
by the properly selected alloy addition.

The experimental study of AB2, Laves phase inter-
metallic compounds, was initiated first with the
pseudo-binary system, Fe2Y-Fe2Ti. These two binary
systems were selected first for several reasons.
The 66.7 atomic percent Fe in the AFe2 compound is
an inexpensive component with a relatively large
fraction of the metallic content. The Ti at 33.3
atomic percent is somewhat more expensive, but is
the lightest weight transition metol (other than
Sc). Yttrium is more expensive, but hopefully a
small amount would be required. Yttrium is also
light-weight. Hypothetically, if the Fe2Ti-75Y.25
alloy forms an AB H4 hydride, the hydrogen content
would be a"ut 2N weight percent, which is con-
siderably better the:, FeTi and LaNiS hydrides.
The Fe2Y compound is the C15 (cubic) Laves phase,
whereas the Fe2Ti compound is the C14 (hexagonal)
Laves phase. The Fe2Ti compound melts congruently,
while the Fe2Y compound is formed peritectically
In the studies of Sandrock, Reilly, and Johnson(3)
it was found that, under the experimental conditions
employed, the Fe2Ti phase did not hydride. The
Fe2Y phase has been found to hydride to Fe 2YH4 by
Van Mal, at al. (4) . It is postulated by DRI in-
vestigators that Fe 2Ti does hydride under the
proper experimental conditions. Ultra-high
pressures at low temperatures would be expected to
cause hydriding to an AB2-hydride. On the other
hand, the Fe2Y is very stable and readily forme a
hydride with extremely low equilibrium pressures at
ambient temperatures. These factors can be readi-
ly predicted from the stability-size correlation.
The atomic volume of Fe2Ti was calculated to be
38.4A°3 (per formula weight), and the atomic
volume of Fe2Y was calculated to be 49.8A13 (per
formula weight,. According to the correlation the
smaller volume should be very unstable, whereas the
larger volume should be very stable, as is t Ease.
The experimental AB2 data of Shaltiel, et a1

hg
 5/

were plotted in conformance with the size-stability
correlation. It was found that the stability range
of i to 10 atm plateau pressure corresponded to
about 45A°3 atomic volume. Thus, the Fe2Ti-Fe2Y
pseudo binary system should bracket the right
pressure range, namely 1 to 10 atmospheres. The
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obvious next step was to prepare alloys in the
Fe2Ti-Fe2Y pseudo-binary intermediate range in an
attempt to form an appropriate atomic volume in
between 38.4A©3 and 49.8A®3. First, the Fe2Ti and
Fe2Y alloys were prepared and subjected to hydrid-
ing to verify the previous studies. Hydriding
attempts with Fe2Ti up to about 120 ata were un-
successful in the formation of a Hydride phase,
whereas the Fe2Y reacted immediately at room tem-
perature to form a hydrided alloy. The romposition
was not readily determined, because the as-cast
sample was not single-phase due to the peritectic
solidification. Next, a series of alloys were are
melted in the Fe2Ti-Fe2Y pseudo-binary system.
These have been examined metallographically, since
a tiro-phase region was expected in which the C14
and C15 phases co-existed. It was hoped that con-
siderable solubility existed at either end of the
pseudo-binary system to allow adjustment of the
size factor and, in turn, stability. However, the
two-phase region was found to be extensive, covering
between about Fe2Ti.85Y 15 e':d Fe2Ti 15Y .8L . One
alloy in the two-phase region was hydrided to de-
termine what the hydriding characteristics of the
dual phase combination were. The alloy was the
Fe2Ti , 75Y .25 composition. The Fe2Ti phase with Y
in solution did not hydride appreciably, while the
Fe2Y phase tyith Ti in solution was still very
stable. The composition of the Fe-Y base hydride
was estimated to be about 4.5 H/AB 2 . This system
had to be abandoned due to the extensive two-phase
region and the gross stability and instability of
the two phases in equilibrium in the two-phase
region.

The next related pseudo-binary system which was
felt to allow more possibilities for adjustment to
the proper hydriding properties was the Fe2Zr-Fe2Y
system. Should an Fe2Zr ^5Y 25 alloy form an ABA
hydride, the hydrogen con ent would be about 2
weight percent. This may then be used as a start-
ing phase to modify in the direction of increased
hydrogen capacity. In this case, the two Laves-
phase structures are of the C15 (cubic) type.
Complete solid solubility is expected. The atomic
volumes a~e 44.2A°3 for Fe2Zr and 49.8A3 for Fe Y,
which are closer together compared to the Fe2T
Fe2Y systems. Also, the atomic volumes still
bracket the estimated 45 0A3 atomi%: volume for AB2
structures which is projected to give the.correct
stability range. The Fe2Zr compound was subjected
to hydriding first. Pressures up to about 120 atm.
did not cause hydriding. Obviously, the size of
the lattice or interstices is still too small to
allow a sufficiently high degree of stability.
Alloys have been made, and hydriding characteris-
tics are being determined in the pseudo binary
system. So far, alloys in the compositional range
from Fe2Zr 9Y 1 to Fe2Zr Y 5 appear to be single-
phase alloys.An alloy a Fe2Zr 7Y^ 3 was found to
hydride at room temperature. Alioys in this com-
positional region are currently being studied to
establish the total saturation and the pressure-
temperature-composition relationships.

An associated topic of study with the AB2 Laves
phases was concurrently initiated. An analysis is
being made of the general structural and geomet-
rical characteristics of the C14 (hexagonal) and
C15 (cubic) type Laves phases in conjunction with
the pseudo-binary system hydriding investigation.

In the AB2 compounds there are three types of
tetrahedral holes encompassed by metallic atoms as
follows: B4 , A2B2 , and AB3. Current analyses are
directed toward characterization of these holes as
follows: 1) Determination of the radii of these
holes in the ABp eimpounds as a function of the
lattice parameters; and 2) Determination of the
number of each of these types of holes, and the
relative geometric positions of these holes in the
crystal lattices of these compounds. The following
correlations are being made: 1) Experimentally
determined hydrogen concentration with number of
available holes; 2) Experimentally determined
hydride stabilities with hole type and size; and
3) Occupancy and stability with the electronic
structures of the A and B elements involved.

The unit cell of the cubic AB2 (C15) compound
contains 8 A atoms and 16 B atoms. The relative
positions are best understood by looking at a
three dimensional model. Close packing within this
structure requires that the atomic distances
(closest approach) satisfy the following criteria:

A-A: 
28/3— 

a,

B-B: 2/2— a,

A-B: 
8 

a,

where a is the lattice parameter of the crystal.

The relative positions of the atoms and the
specifications of interatomic distances presented
above have been used to calculate the "hard sphere"
radii of the three types of tetrahedral holes that
are found in this structure. The radii of the
spheres that touch the four encompassing atoms are
given below:

B4 tetrahedron ( 4 touching B atoms):

Rs = 8 
(r

3- /2-) = 8 (0-31784)

AB tetrahedron ( three touching B atoms, A-B
diltance (,/fl/8)a):

__ a
Rs 8 ( X-12)
Rs = 8 ( 0 .38927)

A 
2 

B 
2 
tetrahedron ( B atoms touching, A atoms

touching, and A-B distance ( Y'l-1/8)a):

R	 8(1+23S){-(f+^)+f(3+2X)}

Rs = 8 (0 .42129)

The coordinates of the three different types of
holes closest to the origin of the cell are given
below:

B4: x-2 (a). y = 2(8), z = - 2(8)

AB3 : x = ( ) (8), y = (^ T'

= - () (8z	 )
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z	 a (1.2247) = y

z = - a (1.2247)

A2B2 : x = y = $ (1.5223)

z = -f (0.044634)

Along certain planes the holes are arranged in
clusters, each with one B4 and 2AB3 and 2 A2B2
holes. Counting the holes in these clusters gives
5 B4, 20 AB3 , and 16 A2B2 holes. This numbeegof
holes is reported by Pebler and G----en( •
However, there are many A2B2 holes in the cell which
are not contained in these planer clusters. Three-
dimensional clusters about each of the B4 holes
accounts for a total of 5 B4, 20 AB 3 , and 48 A2B2
holes. This counting of A2B2 holes does not take
into account those holes originating from clusters
outside the unit cell but shared by the cell. De-
pending on how these holes are considered to be
shared by adjoint unit cells, there can be as matey
as 40 additional A2B2 holes per unit cell.

The second area of study involved the hysteresis
effects observed almost universally in these hydro-
gen storage materials. A large hysteresis results
in a reduced thermodynamic efficiency when employed
cyclically in various applications and dilutes the
argument that hydrides are safer than high pressure
hydrogen systems. Thus, it is important both
scientifically and technologically to understand
the phenomenon of hysteresis. Considerable effort
was expended to conduct a literature survey of
hysteresis effects in hydrides, develop a rationale
from an analysis of prior theorie^ that would be
applicable to current hydrogen storage materials,
and prepare a paper (7 ) summarizing the significant
findings, all to promote a better understanding
of hysteresis effects. The paper was then pre-
sented during August 14-19, 1977 at the Inter-
national Symposium on Hydrides for Energy Storage
in Norway.

The salient features of tae rationale are pre-
sented in this review paper. Briefly, the
rationale proposes that strain effects are the
fundamental cause of the hysteresis. The hysteresis
effects are thought to be manifested at the atomic
level, thus powder particle size would have little
effect on hysteresis. The hysteresis appears to be
an irreversible property in these materials. Thus,
no single path in absorption desorption should be
possible. The desorption plateau is regarded as
the closest approach to "equilibrium" conditions
since the strain is irreversible plastic deforma-
tion. Localized compressive strain is imposed on
the unfilled interstitial sites during bydrogen
absorption.in the metal solid-solution region, and
during the large expansion on absorption.in the two-
phase region. The - and 0 phases are thus sub-
ject to plastic deformation at the micro.level. On
desorption from the 0 phase, the elastic portion
of the strain is relieved-on approaching the two-
phase region and through the.two-phase region which
causes the desorption plateau .pressure. to fall be-
low that of the absorption plateau pressure.. The
pressure difference is attributed-to the effect
observed in the size.stability correlation wherein

the stability of the.hydride decreases (higher
pressure plateau) due to the compressive strain
reducing the size of the unfilled sites. On relief
of strain during desorption, the size of the sites
is increased which increases the hydride stability
(lower pressure plateau). The strain sensitivity
of stability for these hydridec is extremely large,
so only a nmall amount of strain is necessary to
cause hysteresis.

A relationship was found which describes the
hysteresis pressure difference in any one system
as a function of temperature. This was expressed
as In (P2/P1 ) = constant. A survey of the experi-
mental data from the SmCo 5 , Lalli , and FeTi hydride
systems supports this relationship rather well.

The case of hysteresis in CeCo5 and CeNi5
hydrides wan given special attention. Although the
Co ani Ni atoms are similar in all respects, their
AB- compound hydrides react very differently. The
CeT1i5 shows an enormous hysteresis; 240 atm in ab-
sorptiGn and 50 atm in desorption at 25 0C, whereas
the CeCO 5 has only a fraction of one atmosphere
difference in the absorption/desorption plateau
pressure at 250C. Also, the bydriding characteris-
tics are quite different. CeCo 55 forms a CeCO5H3
hydride, whereas CeN15 forms a CeNe5H6 hydride.
The small hysteresis of CeCO5 hydride and the large
hysteresis of CeNi 5 hydride are attributed to their
different capacities to promote 4f electrons into
the conduction band. The large hysteresis observed
in MischmetalNi5 hydride is attributed to the Ce
content as a r9sult of this analysiF, and a former
investigation 1 conducted for the Advanced
Research Projects Agency. Removal of the cerium
can be accomplished easily during the extraction
process from the mineral concentrate. The cerium -
free, Mischmetal pentanickel compound hydrides
readily.and is much more stable. The hysteresis
has been almost entirely removed by eliminating the
Ce.

The third area of study conducted during this
period was with LaNi5 as a base for alloy additions.
The objectives were to substitute for the nickel
component with less expensive elements such as Mn,

`Fe, Cu or Zn and, in doing so, to gain insight into
the factors determining the extent of hydrogen
capacity in metal hydrides. The substitution must
be done with pairs of elements.. The effect is
somewhat analogous to forming ferromagnetic alloys,
known as Heusler alloys, from Cu and Mn (which in
themselves are non-ferromagnetic). They bracket
Fe in atomic number and are alloyed to replace Fe,
employing a size-effect relationship of the CuMn
solid solution that averages out to that of Fe.
Since Mn, Fe, or Co and Cu or Zn bracket Ni in
atomic number, respectively without much change in
size, they could be substituted appropriately in
pairs. Hopefully, one could prepare a-bydride of
less expensive materials and still not decrease
hydride capacity, or maybe increase capacity. Thus,
an alloy with.the.composition LaCol.25%.5Cu1.25
was selected as the first candidate to test feasi-
bility. .The phase equilibria are such that an
essentially single-phase alloy would be expected.
Metallography was employed to verify that this was
the case. The .alloy bydrided readily at room
temperature to the H/alloy .ratio of 5.5, which is
excellent considering the cobalt content. The
plateau-has.considerable slope in the as-cast
specimen. Heat treatment has, as yet, been
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unsuccessful in developing a single plateau. It
appears instead that .two .or.three- distinct .hydro4
gen occlusion mcdes. will -develop.nn this.system
as they have in others, -e.g., LaCorH and FeTi-H.

The fourth area of study is.currently being
initiated. This is the .bydriding.characteristics
of Ti-base, peta solid solutions... Selection of
alloys is to be made in terms of the predictive
correlation. Once the .binary, .Ti-base.alloy
hydride has been optimized,.ternary alloy additions
will be made for furtb:r.optimization. The first
binary system to be investigated is the Ti-Mo,
binary system. Alloys are currently being pre-
pared to initiate hydriding studies.

The fifth area of project.activity was as
follows: Design, procurement, and construction
of a new Sievert's apparatus, and design, procure-
ment, and construction of an activation apparatus.

Although a Sievert's apparatus with .provision
for three reaction chambers already exists and has
been used on prior projects, it.was felt necessary
to expand the.capabilities.for increased screening
and characterizati-)n studies.for the ERDA program.
Improvements in d--sign. and .pressure capability
have been incorporated.in the.new system which is
provided with three reaction chambers each of
which can be operated concurrently. The apparatus
is essentially completed and will be operative in
about a manth.

In conjunction with the Sievert's apparatus,
another activation unit in being assembled. It
will allow.pre-activation.and sample break-in
prior to conducting tb -.absorption and desorption
isotherms on candidate samples. The system has
three stations to activate.three samples.simul-
taneously. It is fitted with a hydriding bed
which will Tirovide activation and.cycling for
several cycles automatically. The samples can
then be removed easily without disturbing the
reaction chamber atmoaphere.and moved-to the
Sievert's apparatus where quantitative character-
ization of absorption.and desorption isotherms
can be conducted.

The authors are grateful.for.the.support of
the Brookhaven National.Laboratory under Contract
No. 414771-S. Also, recognition must.be-given
for the assistance of Dr. J. Liu, and the
laboratory technicians, R. Nye and Y. Shinton.
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A THERMODYNAMIC AND ECONOMIC STUDY OF VARIOUS TECHNIQUES FOR THE
LARGE SCALE PRODUCTION OF HYDRIDING GRADE FeTi

C.J. Trozzi and G.D. Sandrock
The International Nickel Company, Inc.
Paul D. Merica Research Laboratory
Sterling Forest, Suffern, NY 10901

Abstract

The intermetallic compound FeTi has considerable potential as a hydrogen storage medium. This
paper represents a survey of possible large scale production methods for FeTi and related compounds.
Direct and indirect reduction of ilmenite ore is considered in thermodynamic and economic detail.
Results show that thermodynamics, economics and impurity effects make the direct production of FeTi
from ilmenite unlikely. For the foreseeable future FeTi will be made by the melting of primary
sponge Ti and scrap steel at final selling prices slightly above $2.00/pound.

INTRODUCTION

Work at Brookhaven National Labs has shown that
the intermetallic compound FeTi, along with re-
lated alloys, has considerable potential for use
as a rechargeable hydride. This is the result of
two factors: (a) it has attractive hydrogen
storage properties in the vicinity of room temper-
ature(1) and (b) it has the lowest raw materials
cost of any presently known rechargeable hydride.
As large scale engineering applications for FeTi-
base alloys develop, it becomes important to
estab.ish the basic information on the metallurgy
and production of the system to optimize the
properties on a practical, multiton basis. Thl,
paper provides a survey of the thermodynamic and
economic feasibility of producing FeTi by employ-
ing direct or indirect reduction of ilmenite ore
and the direct melting of Ti and Fe metal. The
factors considered were raw materials, process
thermodynamics, effect of residual elements on
hydriding capacity, and economics.

It has been established that FeTi is quite
complex metallurgically and that a number of
compositional factors must be considered in its
production(2). The basic roles of Fe/Ti ratio,
effect of 0, N, C and Si contamination and the
role of a number of ternary transition element
substitutions have been established. A survey of
the technical aspects of conventional induction
melting was conducted and two new quasi-conven-
tional melting techniques for large scale FeTi
production were developed(2,3).

The thermodynamic and rough economic analyses of
techniques which might conceivably be used to
produce FeTi directly or indirectly from an ore
have been investigated, discussed in detail(4) and
will be summarized here. The study also involved
the examination of the technical and economic
feasibility of directly melting elemental titanium
and iron.

The study was directed toward the achievement of
a good quality hydriding grade FeTi. By this we
mean a homogeneous alloy of about 54 wt. ° Fe and
46 wt. % Ti with oxygen content less than 0.1 wt.
X. Such an alloy should be capable of hydriding
to a capacity on the order of H/M = 0.85 or more.
The effect of other impurities (e.g., Al or Si)
will be considered in context where appropriate.

SURVEY APPROACH

The basic information for the thermodynamic and
economic calculations made below were derived
Predominantly from the following:

1. Open literature.
2. Personal contacts within the primary

titanium and ferrotitanium industries.
3. Internal Inco information for com-

parable metallurgical processes or
procedures.

Various sources of information have been utilized
in this study. In some cases a given piece of
Information can be referenced. Often it repre-
sents internal information or a composite from
several sources that cannot be readily referenced.
The numbers used in this study are felt to repre-
sent valid estimates for 1977. Of course, in a
study of this sort, there are always technical
unknowns which could affect the end result. These
unknowns have been identified wherever possible.

The technical processes surveyed were the fol-
lowing:

A. Direct Reduction of Ilmenite
1. Gaseous Reduction
a. Hydrogen
b. Carbon Monoxide
c. Methane

2 Carbon Reduction
3. Metallothermic Reduction
a. Silicon
b. Magnesium
c. Calcium
d. Aluminum

B. Indirect Reduction Processes
1. Chloride (Kroll) Process
2. Electrolytic

C. Conventional Melting of Primary
or Scrap Ti
1. Air Induction Melting
2. Vacuum Induction Melting
3. Consumable Electrode Arc

Melting

It should be recognized that FeTi is not neces-
sarily the optimum alloy for a given application.
Because of this, along with the fact that the
composition of the ore will vary over wide limits,
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remelting and composition adjustment is mandatory
for any of the direct or indirect reduction
processes considered.

Any reduction method employed would require a
final remelting, composition adjustment, and
mischmetal (rare earth) deoxidation of the alloy
product(2,3). Oxygen (greater than 0.1 wt. %) has
a deleterious effect on the hydrogen storage
capacity of FeTi, so its removal is desirable.
Similarly, FeTi directly melted from elemental Fe
and Ti should also be mischmetal treated. The
small additional cost assures a high hydrogen
capacity for vehicular applications and minimum
decrepitation for stationary applications, as well
as aiding activation(2).

The final number presented for each .i.alysis is
the FeTi selling price in $/pound. This involves
a mark-up from the overall production costs. The
mark-up used throughout this study is 42%, based
on the assumption of a 507. tax on income and a 15%
after-tax return on sales. This mark-up can vary
slightly with a number of factors, but we feel it
is representative of the metallurgical industry
that would be called upon to produce multimillion
pound quantit?es of FeTi for energy storage appli-
cations.

ORE SOURCES - RUTILE VS. ILMENITE

In order to survey various processes for produc-
ing FeTi, a survey of raw material resources was
necessary.

Titanium originates from two ores: rutile
(nominally Ti02) and ilmenite (nominally FeTiO3).
Rutile (generally 'L96-98%TiO 2) is a higher grade
ore than ilmenite, having a higher titanium content.
Neither of these ores are totally free of other
oxides. Ilmenite, however, contains more ad-
ditional oxides than rutile. The U.S. has an
abundance of ilmenite, but is dependent on Australia
for rutile which is presently used in manufacturing
pigment, welding rod coatings and titanium metal.
The increased rutile consumption has placed in-
creased demands on rutile reserves and is sub-
sequently driving prices up(5).

Rutile is 59% titanium, while ilmenite is only
31.6% titanium. Although the purity of rutile may
seem attractive, it lacks the iron necessary for
the production of FeTi. Since ilmenite contains a
considerable amount of iron (both in the ilmenite
phase and in the form of various iron oxides), it
would be beneficial to find a method of reduction
which would yield both titanium and iron metal
simultaneously.

In view of our future energy situation, future
raw material availability is a critical factor.
The limited quantity of rutile leaves ilmenite as
the only long range alternative. There are a wide
variety of grades of 31menite but that of the
highest purity is desired for FeTi production.

Some typical ilmenite compositions are shown in
Table I and Reference 4. The ilmenite concentrate,
used as a basis for the calculations, is only one
of the many concentrates available. The mineral
analysis can vary widely from grade to grade.
Therefore, the material and heat balance for each
ore will be different. The ore price varies
depending on the ore grade and lot size.

DIRECT REDUCTION OF ILMENITE

The primary reduction reactions (FeT103 -I' Fe +
TiO2 + 1/202) and secondary reduction reactions
MO2 -► Ti + 02) with reducing agents such as C.
H, CO, Si, Al, Mg and Ca have been examined using
basic thermodynamics. IGmen examining the feasi-
bility of applying each reducing agent, the fol-
lowing questions need to be asked: Is the re-
action thermodynamically possible? How effectively
doea it reduce ilmenite? And in doing so, how
much of the reducing agent residual is left in the
alloy? Does this residual have a deleterious
effect on its hydriding properties? How pure is
the product?

The equation AGO = -4.574 T1ogK illustrates that
at a given temperature (°K) the equilibrium con-
stant (K) and hence, the equilibrium-state is
determined entirely by the standard free energy
change, AG O . Quantitative information on the
chemical equilibrium state is given by either K or
AGO . A value of K greater than 1 corresponds to a
negative value of AGO , which means that when
reactants and products are present in their
standard states the reaction will proceed spon-
taneously toward equilibrium, as written. Con-
sequently, the larger the negative free energy
change is for a given reaction, the more likely it
is that that reaction will take place. The values
and equilibrium constants for the primary and
secondary reactions involving each reducing agent
have been calculated (for details see Reference
4). The primary reduction reaction involving each
reducing agent is thermodynamically possible; but
the degree to which the reduction will take place
will depend on which reducing agent is employed.
Complications arise during the secondary reduction
reactions due to the large affinity Ti has for
oxygen. Figure 1(6) illustrates the Ti + 02 -►
TiO2 oxidation reaction (reverse for the reduction
reaction) and its relationship with the oxidation
curves of the reducing agents,considered. A basic
thermodynamic rule can be applied while referring
to Figure 1. All of those elements which have
"AGO vs. T" curves lying below the curve of the
oxide being reduced are eligible as reducing
agents for that oxide (corresponding to a negative
free energy change), and it follows that the
larger the free energy gap, the more effective the
reducing agent will be. Elements associated with
"AGO vs. T" curves lying above the curve of the
oxide being reduced are not potential reducing
agents (corresponding to a positive free energy
change). In other words, for those reducing
agents under consideration, that which has the
largest equilibrium constant for the reduction
reaction is the most desirable.

Titanium's great affinity for oxygen is a major
drawback of all of the reduction processes con-
sidered. The partial free energy change per mole
of oxygen has been plotted by Kubashewski et al(7)
as a function of oxygen content in the Ti-0 system.
This curve illustrates the affinity Ti has for
oxygen. Upon careful examination of the 0-Ti
phase diagram one can observe that there is no
significant charge in phases occurring between
1000°C and 1500'C. Therefore, even though Figure
2 has been calculated at 1000°C, it is reasonable
to assume that it would have a very similar shape
at temperatures up to at least 1500°C.

The graph illustrates that a reducing agent that
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can overcome the affinity of oxygen to T102,
TisOs, T1203 and Ti0 may not produce pure ti-
tanium owing to the affinity of oxygen dissolved
In the metallic titanium. Therefore, thermo-
chemical calculations which do not account for the
solution phase may fail, reduction being less
complete than would be expected from the cal-
culations(7).

The heat of oxide formation is another factor
which will affect the manner in which the re-
duction is carried out. If the reaction is en-
dothermic (positive heat of oxide formation), then
an outside heat source will be required to carry
out the reaction. If the reaction is exothermic
(negative heat of oxide formation),an outside heat
source is not required in order to carry out the
reaction. Any reserve heat left after the ore
oxides are dissociated can contribute to heating
the charge.

The elements which thermodynamics predicted
could not be effective reducing agents for T102
were not considered further. Those elements which
looked promising were examined more closely (for
details of the material, equilibrium calculations,
balance, economics and heat balance, see Reference
4). Once the technical feasibility was established,
the most important factor was economic feasibility.
Calculations made for the reduction reactions
which proved to be economically unfeasible (due to
the high cost of reducing agent) were not carried
out in great detail.

The arrival and growth of the steel industry
brought a need for ferroalloys (i.e., Fe-Ti, Fe-
Si, etc.). The three production methods employed
were carbon reduction, silicon reduction and
aluminum reduction.

Gaseous Reduction

Hydrogen Reduction. Hydrogen is utilized as a
reducing agent in only a few limited cases.
Ferrotitanium cannot be produced by ferroalloy
producers in this manner because its stable oxides
are not reducible by hydrogen. The equilibrium
constant for the critical reduction reaction is
one of the lowest of all reduction reactions
considered. At temperatures in the vicinity of
the melting point of FeTi (1623°K), the free
energy change remains positive. It has also been
shown that the equilibrium constant for the sec-
ondary reaction T102 + 2 H2 -► Ti + 2 H2O is K =
7.18 x 10-11 at 16230K(4). Under equilibrium
conditions only iron is reduced by hydrogen,
leaving rutile (T102) unreduced(8). Therefore, if
this method were employed, subsequent reduction of
T102 by some other method (i.e., metallothermic)
would be required. Thus, direct hydrogen reduction
of ilmenite is thermodynamically unfeasible.
Partial reduction with H2 followed by subsequent
reduction of T102 with a more powerful reductaot,
though unexplored technically, may be of interest.
However, this procedure does not offer any hope of
a major production cost breakthrough.

Carbon Monoxide Reduction. Carbon monoxide is
the least likely candidate for ilmenite reduction
from a thermodynamic standpoint. The free energy
to drive the reaction is positive throughout the
entire temperature range under consideration. The
secondary reaction T102 + 2 CO -► Ti + 2 CO2 near
the melting point of the alloy has a very unfavor-

able equilibrium constant K . 7.14 x 10-12(4).

Examination of the possibility of ilmenite re-
duction by CO illustrates that even if the reaction
were achieved under special conditions, the for-
mation of carbide would be favored. As mentioned
below, carbon ties up titanium as TIC, thus hinder-
ing FeTi's H-storage capacity.

Methane Reduction. Recently some success in re-
ducing titaniferous magnetite (i.e., a magnetite-
ilmenite mixture) with CHs, has been reported(9)
although the thermodynamics tend to favor the
ultimate formation of TIC; there appears to be a
critical time-temperature realm where some of the
We phase can form. This represents a possibility
for the production of FeTi from ilmenite, but
information at this time is not adequate to judge
either economics or technical feasibility on a
commercial scale.

Carbon Reduction

Carbon reduction of T102 is possible at high
temperatures (Figure 1 - at temperatures above
1603°C where the 2 C + 0 2 - 2 CO curve lies below
the Ti + 02 -► T102 curve). Carbon is a poor
reducing agent for ilmenite at low temperatures,
requiring a large amount of heat and therefore
must be carried out in an electric arc furnace.
Equilibrium constants for the primary and sec-
ondary reactions are shown in Reference 4. As
illustrated by the equilibrium values and Figure
3, the titanium carbide reaction will tend to
predominate. This is indicative of the fact that
ferrotitanium alloys produced carbothermically (by
the ferroalloy industry) have a high carbon
content 0,3-KC) (10).

Though reduction of ilmenite with carbon is
thermodynamically possible, its employment in FeTi
production is undesirable due to the residual
carbon which takes the form of TIC and would very
seriously inhibit its hydrogen storage capacity.
Each weight percent carbon would tie up about 4%Ti
as TIC. Thus an 8%C alloy would have only about
46-4(8) - 14% free titanium left for the formation
of the FeTi phase. The capacity would be further
lowered by substantial amounts of residual oxygen.
Carbon reduced ilmenite would probably have less
than 20% of the H-storage capacity of high purity
FeTi.

Metallothermic Reduction

The principle by which metallothermic reduction
takes place is very basic. A metal oxide can be
reduced to metal by a particular metal reducing
agent if that chosen reducing agent has a greater
affinity for oxygen than that of the metal to be
reduced. A complex equilibrium occurs in which
those metals with higher affinity for oxygen will
be found in the slag phase and those that do not.
will be found in the metallic phase.

The following basic considerations(ll) must be
made in order to determine the feasibility of
producing titanium and iron from ilmenite, in a
metallothermic process according to the general
chemical equation:

MY+X-XY+M*
*The chemical equation will require balancing, de-
pending on the oxide and reducing agent employed.
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M is the metal to be reduced.
X is another metal used as a reduc-

ing agent.
Y is some non-metallic element or

radical.
(1) Is the driving force of the

reaction sufficient?
(2) Will the reaction proceed to

within a reasonable approach
of completion?

(3) Will sufficient heat be evolved
to melt the products of re-
action?

(4) FJill the reaction prwducto
separate?

Metallothermic reduction processes are batch
processes which guarantee a carbon-free product.
When employing this kind of process, there are two
kinds of approaches, both of which are self-propa-
gating reactions(12): (a) top igniting a mixture
of powered charge (reducing agent, ore, flux and
boosters) and allowing the reaction to complete by
itself (in-furnace or out-of-furnace) and (b)
preheat the reducing agent (i.e., ingot form) and
add the powdered charge to the top of the heat,
thus allowing the preheated reductant to ignite
the reaction (in-furnace). In the former ap-
proach, the process begins from the top and the
products of reaction travel by gravity through the
mixture to the entire mass. In the latter ap-
proach*, the fresh mixture travels by gravity
through the hot reaction products.

Once the reaction is complete for an out-of-
furnace application, the vessel is allowed to cool
and the ingot is knocked out. The resultant slag
layer, which has protected the ingot from the
atmosphere, can be knocked off.

After a complete reaction in-furnace, the alloy
and slag must be removed from the furnace and
allowed to solidify. Application of an in-furnace
method would only require furnace power to initially
heat the reductant. Once the reaction is ignited,
it will proceed without assistance.

Thermodynamically, there is free energy sufficient
to drive the reduction reaction of ilmenite using
Al, Mg or Ca as reducing agents. Each of these
has an oxide with a large exothermic heat of
formation, but which is not totally sufficient to
carry out reduction of ilmenite metallothermically
out-of-furnace(4). Each reduction reaction would
require a thermal booster plus excess reducing
agent to react with the booster to produce extra
heat. The reaction efficiency will improve with
the reduction of slag/alloy volume ratio. If the
reduction were carried out in an electric arc
furnace, a thermal booster and excess reductant
would not be necessary and therefore the slag
volume would be considerably reduced. Though
furnace production insures greater efficiency,
there is a risk of refractory contaminants.

There is associated with each of these reduction
reactions, a high equilibrium constant(4) in the
temperature range in which the reaction will take
place (1600-1800°C). But Ti has a high affinity
for oxygen, which is responsible for equilibrium
inevitably occurring with a high concentration of

*Thisprocedure may prove to be more explosive.

Ti in the slag phase, rather than in the metallic
phase. Two factors which will help decide the
technical feasibility of a reducing agent are its
boiling point and its melting point. A good re-
action is one which ocetprs above the reductant•s
melting point and belcLw its boiling point. This
maximizes the activity of the reducing agent and
minimizes its loss LAa to vaporization.

The calculations (heat and charge balance) made
for metallothermic reduction of ilmenite are
somewhat crude. It is not ;.ractical to burden the
analysis with details which are subject to vari-
ations. Furthermore, for aluminothermic reduction
of complex ores, calculations sometimes become
unrealistic. In commercial practice the right
proportions of the mixture are established by
trial reductions on small batches.

In order to obtain a reasonable idea of pro-
duction cost/lb FeTi, all calculati3ns(4) have
been based upon 100 kgs ilmenite concentrate
(Chemalloy Co., Inc. ilmenite composition analysis
as basis - Table I) the stoichiometric quantity of
reducing agent, and 507 Ti recovery from the
concentrate. The 507 Ti recovery assumption was
based upon the thermodynamics extracted from the
literature and industrial contacts. Economics has
been considered only for those methods which have
been proven thermodynamically feasible. In such
cases the costs have been normalized to cost per
pound of FeTi produced.

If a metallothermic process is employed, opti-
mization will involve many variables(4).

Silicothermic Reduction. Silicon is an in-
efficient reductant for ilmenite and requires an
electric arc furnace. There is enough free energy
to drive the reaction to produce Fe and TiO2(4);
however, reduction of T102 by Si (Figures 1 and 3)
involves a positive free energy change. Si is
apparently a very weak reducing agent for Ti
oxides over the entire temperature range of
interest. Even though the presence of iron facili-
tates reduction, the final product is a low Ti-
high Si alloy (i.e., ''v307Ti, ti30%Si)(10). The
hydriding capacity of FeTi will be hindered by Si
residuals(4). Thus from an overall point of view,
silicon reduction of ilmenite is thermodynamically
unfeasible.

Magnesiothermic Reduction. Magnesium, from a
heat of reaction standpoint is a more efficient
reducing agent than aluminum(13). One of its most
unattractive chracteristics in this application
is its low boiling point (1103°C), since the
smelting temperatures will be in the vicinity of
1800°C (some Hg will be lost as vapor). 11e
melting point of pure MgO oxide is 2800°C. The
iron oxide and titanium oxide products are good
fluxes for HgO. Therefore, it is not likely that
any additional flux would be needed to lower the
slag melt point and increase slag fluidity. The
heat generated by Hg oxidation is greater than
that generated by AIM. The slag which is composed
of predominantly HgO and TiO is not as massive as
that produced by aluminothermic reduction. A very
important factor to consider when dealing with Mg
powder is safe transport and handling.

Although the technical aspects of the process
make utilizing Mg as a reducing agent undesirable,
the factor that makes it impossible is the economics.
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Good quality fig powder presently costs $2.20/lb.
The material cost of Mg/lb FeTi has been listed in
Table II as $1.70. In calculating this value(4)
excess fig, which is necessary to react with a
thermal booster and possible material loss due to
vaporization,has not been accounted for. After
calculating all possible costs involved using the
out-of-furnace approach, inclo!ling a mark-up for
profit and taxes, magnesiothecmic reduction will
produce a FeTi alloy at approximately $4.59/lb
(out-of-furnace method) .

In an effort to reduce the cost, one might be
inclined to alter the process, to avoid using
costly fine fig powder in a mixture of powdered
charge materials. Alternatively, magnesium (ingot)
could be melted (in furnace) and the flux-core
mixture top charged into the molten Mg and sub-
sequently allowing the reduction reaction to take
place. Though it may not greatly improve the
technical feasibility,it can improve the economic
feasibility because the current price per pound of
fig ingot ($.98/lb) is half that of Mg powder. The
approximate cost per pound FeTi produced would
then be approximately $2.26. The actual cost will
undoubtedly be higher because of excessive fig
volatilization.

Calciothermic Reduction. The most desirable
feature of calciothermic reduction is calcium's
large heat of oxide formation, its high equi-
librium constant associated with its reduction of
ilmenite, and its low solubility in Ti metal.
Although these factors meet the criteria for
deciding a material's effectiveness as a reducing
agent, there is much else to be considered. The
boiling point of Ca (1482°C) is below the temper-
ature at which the process will be carried out
(some Ca will be lost as vapor), and its oxide
melting point is 2580°C. The efficiency of a
metallothermic reduction process depends on these
factors. When reducing with calcium, similar
problems will arise, as did when reducing with Mg.
Calcium produces more of a problem because it
rapidly forms an oxide layer in air at room temper-
ature which would interfere with its effectiveness
in reducing ilmenite. Handling and transporting
calcium powder would be hazardous and expensive,
requiring an argon atmosphere.

An estimated calculation was made in order to
obtain approximate material cost(4). The producer
price/lb calcium powder* (6 mesh) is currently
$2.13. The cost of calcium per pound of F4-Ti
produced would be $2.67 without accounting for
excess Ca to react with booster, loss due to
vaporization and dust loss. The thermicity of
this reaction is greater than that obtained by
reducing with either At or Mg, but is insufficient
to run the reaction. Therefore, the reaction will
require some thermal booster for extraneous heat
and a flux (if necessary) to lower the slag melt-
ing point and increase slag fluidity. The es-
timated alloy cost/lb FeTi produced employing
calciothermic reduction out-of-furnace will be
$6.59 (Tables II and III). An alternLte approach
which would reduce the cost of the reducing agent
is to melt Ca (crowns or ingot) and top charge the
flux and ore into the molten Ca. In this case,
the Ca charge could be composed of the cheapest
form of Ca (crowns - 99.51 pure) at $1.49/lb*.

*Chas. Pfizer, Inc.

The cost of Ca/lb FeTi produced would then be
$1.87 (NOTE: this does not account for excess Ca
additions), and consequently (in-furnace) tite ap-
proximate cast/lb FeTi would be $3.91. This
modification would be slightly more technically
feasible and less hazardous than using Ca powder.
But the high cost of Ca still makes it economically
unfeasible. Consequently, calciothermic reduction
of ilmenite is neither technically or economically
desirable.

Aluminothermic Reduction. The most efficient
aluminothermic reactions which produce o high
metal recovery occur when a pure oxide is reduced
(subsequently producing alumina slag and metal).
The reactions are very short and therefore a
minimum amount of heat is lost(12). The more
complex the ore is the more it is burdened with
secondary reactions. The slag will contain re-
action products which will absorb a considerable
amount of heat from the reaction and thus decrease
its efficiency. Even though the equilibrium
constant for Al reduction of ilmenite is high, a
low Ti recovery (%50%) is expected, due to ti-
tanium's high affinity for oxygen. The 502 Ti
recovery assumed was in agreement with a ferro-
alloy producer(14) who due to past experience with
ferroalloy production informed us that a 40-502 Ti
ferrotitanium alloy could be expected by this
method (this implies a %50% Ti recovery from the
ore). Al will reduce FeTiO3 to TiO 2 (4). Analysis
of the secondary reactions shows some Ti0 2 reducing
to TiO. The thermodynamics illustrates that the
major reactions which take place insure Ti loss in
the slag as oxide and Al residual in the alloy.
The titanium recovery may be somewhat improved by
reducing with Al in the presence of some nascent
Fe (a good Ti solvent) which will help shift the
equilibrium to the right(15).

An approximate slag and heat balance was cal-
culated(4). The exothermic heat generated by the
reaction is barely sufficient to dissociate the
oxides in the concentrate. Therefore, a large
amount of extra heat will be required to help re-
duce the ilmenite and melt the charge and slag.
Assuming approximately a 30% heat loss in an out-
of-furnace application, the final quantity of
extra heat which is needed to carry out the re-
duction process must be supplied by an external
heat source (booster or furnace).

A flux addition is necessary to reduce the
Al203-TiO slag melting point and to increase the
fluidity. Lime was considered as the most ap-
propriate flux. CaO is a more basic oxide than
TiO and weakens its bond with Al 203 , facilitating
a more efficient reduction(10).

The aluminothermic reduction of ilmenite will
take place above the melting point of Al (659°C)
and below its boiling point (18000C), where Al has
a higher activity, making Al more technically
attractive than any other reducing agent.

A stoichiometric Al addition will generally
produce a 5-10% Al alloy (as produced by various
ferrotitanium producers). As illustrated in
Figure 4, Al gi-atly reduces the H-capacity of
FeTi. Since the steel industry has little concern
for the residual Al in ferrotitanium, the ferroalloy
industry optimization requires maximizing Ti
recovery. However, since our interests lie in
producing a pure FeTi intermetallic compound with
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good hydriding properties, the cost critical
factor involved in its production is the residual
elements, especially Al. Therefore, optimization
would involve minimization of the Al content,
regardless of T1 recovery. Even if Al residuals

as loci as 1-2 wt. 2 were achieved by optimizing.
the hydrogen storage capacity t?ould be hindered.
Any Ti deficiency could be corrected by adding Ti
sponge during remelting.

Purity of the alloy product is questionable.
Only experimental trials will indicate appli-
cability of this process. It is doubtful that
aluminothermic reduction will produce a pure
enough product for hydriding purposes, even after
remelting and deoxidation.

From an economic standpoint Al reduction of
ilmenite is the least costly, and creates the few-
est technical difficulties(4). The total price/
lb FeTi has been estimated (Table II) to to $1.93/
lb FeTi (out-of-furnace method). Alternatively,
In an effort to reduce the cost of Al/lb FeTi
($.34), utilizing Al ingot in place of powder had
been considered. This approach would involve
melting Al ingot in a furnace, and top charging
the ore, flux and thermal booster (mixture). The
high temperature of the Al &h.uld ignite the mass.
Al ingot is $.51/lb, and therefore cost of Al/lb
FeTi is reduced to $.29/lb FeTi. The total esti-
mated price/lb FeTi would then be $1.62.

INDIRECT REDUCTION PROCESSES

Chloride (Kroll) Process

All primary sponge is made by the Kroll (or
closely related Hunger) process. Usually rutile
is chlorinated and the resultant chlorides puri-
f i ed to produce high purity TiC1 4 . The TiC14 is
then reduced with Mg to form Ti metal and MgC12
(Na is used as the reductant in the Hunter process).
After leaching or inert gas purging out the MgC12
the result is Ti sponge which forms the basis of
the metallurgical Ti industry.

It has been well established that ilmenite can
be directly chlorinated and the resultant chlo-
rides purified to produce a TiC14 that can be Mg
reduced in a Kroll vessel to produce Ti sponge(16).
Ilmenite will no doubt be the future feedstock for
the Kroll process when rutile runs out.

For the purpose of producing FeTi directly, let
us consider taking the unpurified mixed chloride
product of ilmenite chlorination (TiC14, FeCl3,
plus various impurity chlorides) and Kroll reduce
that with Mg to form a Fe-Ti alloy sponge. From a
technical point of view it is not completely clear
that this can be done because FeCl 3 first con-
denses as a solid and TiCl4 condenses as a liquid
so that the condensed mixed chlorides will be in a
pasty form that may be hard to feed into a Kroll
reaction vessel. It is felt that the resultant
FeTi alloy will be very inhomogeneous and will
certainly require remelting. A final technical
unknown is the fact that impurity chlorides (e.g.,
those of Si, tin, Mg, V and Al) will be produced
along with TiC14 and FeC13 during the ilmenite
chlorination process and will be incorporated into
ta, final product.

Even if the above technical problems can 3e

overcome with the chloride process, there remain
oericuo economic problemo. A cost estimate based
on this procedure is outlined in Table II. The
final estimated FeTi price is high, about $3.00/lb
FeTi. The key problem, of course, is that a
relatively expensive process and relatively ex-
pensive Fig is used to reduce the relatively cheap
Fe component in addition to Ti. Thus, the mixed
chloride process seems to be unfeasible from an
economic point of view, if not a technical point
of view. As will be shown later it offers no
advantages over the direct production of Ti sponge
and the remelting of that s;.onge with scrap Fe.

Molten Salt Electrolysis

It is possible to produce quality Ti by elec-
trowinning. The process involves the electrolytic
decomposition of TiCl4 in a molten alkaline or
alkaline earth electrolyte(17). No commercial
size cells are yet in operation, although sub-
stantial pilot scale experience has been obtained
by the Timet Division of The Titanium Metals
Corporation of America(18). Electrolytic Ti
production has an advantage over the Kroll process
in that its operating costs are lower. However,
capital equipment costs are significantly higher,
the process requiring carefully constructed, gas-
tight, high temperature cells. when both operating
and capital cost considerations are taken into
account, it is felt that the final selling price
of electrolytic Ti could be about 10% lower than
present sponge made by the Kroll process.

The question at hand is /"Could FeTi be made
directly by simultaneous electrolytic co-deposition
of Fe and Ti using mixed TiC14 + FeC1 3 feedstock
from chlorinated ilmenite?" Although it is im-
possible to completely answer this without extensive
experimental study, the answer is probably "no"
both from technical and economic points of view.
First,from a technical point of view, it has been
observed that as FeC1 3 is added to the TiC14
feedstock, the resultant electrodeposit becomes
extremely fluffy with a high surface area(18).
Such a structure is subject to corrosion and
oxygen pickup during handling and can even be
prophorici The homogeneity of such a product is
doubtful and would certainly require remelting.
Finally,with respect to economics, we are saddled
with an analogous problem to :roll production of
FeTi. In this case we are using expensive equip-
ment and expensive electric power to produce the
Fe component of FeTi. It is impossible to make an
accura re rust estimate at this time. However, it
seems :aaEonable to assume that electrolytic FeTi,
if technically feasible, would cost at least 90%
of the price of Kroll reduced FeTi, i.e., at least
$2.70/lb.

DIRECT MELTING OF ELEMENTAL Fe AND Ti

All of the FeTi production schemes discussed so
far have components of doabt for technical and
economic reasons. If a large market for hydriding
grade FeTi developed tomorrow,the only certain way
of producing it would be by direct melting of the
elements. In this section we discuss the economics
of melting. In all cases it will be assumed that
the source of the iron would be scrap steel at
$0.05/lb ($100/ton). We will consider both scrap
and primary sponge for the Ti source.
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"—Dicing with Scrap VI

Tae melting of Feui fruo ocrap T1 provides
interesting problem in tares of ocrap availability
and price. At first glance it mould seem that
substantial quaantitico off ocrap are available.
The U.S. titanium industry produces core than 30
oillien pounds off ocrap annually(19). 69owaver.
virtually all of this to either recycled in the Ti
industry or uoed in the steel or aluminum induotry
ao an alloying element. Furthermore, moot of the
ocrap is of an aeroopace grade and containo a
oubotantial amount of Al (e.g.. the moat common
aeroopace alloy to Ti-6.41-4V). Cecauoe of the
extremely deletericuo effect of Al on hydriding
behavior (Figure 4), it appearo that the A1-
containing ocrap, which probably constitutea ire
than 90% of the ocrap.will be unusable for hydrid-
ing grade FeTt.

The remaining commercial purity (CP) grade scrap
is In high demand and it commands a price premium
over the rest of the scrap. The price of T. scrap
is rather volatile(4). CP grade scrap must be
used in the melting of hydriding grade FeTi and
its limited availability would support only a
small level of FeTi production (at most only a few
hundred thousand pounds) before driving the scrap
price to near that of primary sponge Ti.

Cost estimates have been developed. bearing the
above difficulties in mind, for the air induction
melting of scrap Ti and scrap Fe using the 42 rare
earth deoxidation procedure developed earlier in
this contract(2 6 3). The basic calculations are
shown in Refccence 4 and the results outlined in
Table II. The results of these calculations are
shown as a function of scrap price (Ti) and
recovery (R)(4). Based on an early 1977 CP scrap
Ti price of $1.5511b and an anticipated recovery
of 802, a FeTi price of $2.00/lb is nalculated.
Again bear in mind this price is artificial and
would rapidly escalate if much additional demand
were put on scrap CP titanium.

Melting with Sponge Ti

la the end it appears that YYv only guaranteed
method of producing multimilliun pound quantities
of hydriding grade FeTi is the direct melting of
primary Ti sponge and scrap Fe. The present U.S.
sponge capacity is on the order of 50 million
pounds per year with substantial additional quan-
tities available as imports from Japan and the
U.S.S.R.(19). At present most plants are operat-
ing below capacity so that a new market of several
million annual pounds of FeTi could be tolerated
without difficulty. If a substantially larger
FeTi hydride market should develop,then new in-
stalled capacity would be required. It would
probably be electrolytic and result in a slightly
lower Ti price (perhaps 10%, as cited earlier).

Price estimates for the production of FeTi from
sponge Ti and scrap Fe are outlined in Table II
for: (a) air melting with mischmetal deoxidation(2,
3), (b) vacuum induction melting in a graphite
crucible(2.3), and (c) consumable electrode,
vacuum are melting. Calculations are based on
10,000 pound melt sizes. The price we used for Ti
sponge. was $2.50/lb [the present published price
ranges from $2.50/lb for imported sponge to $2.75/
lb for domestic sponge(20)]. For the vacuum
melting no mischmetal is required for deoxidation

purposes; havever, 11 was added to aid In ac-
tivnt1eaa(2).

Off the three techniques considered. air minting
g o more expensive, -rrimarily because of the rela-
tively low recovery associated with the rare earth
deoxidation technique (ace Ref. 2). Vacuum In-
duction and vacuum are melting are lower in cost
and are almoot the care, within the accuracy of
the calculationo (on the order of $2.20/1L
Theoe calculationa acoume the purchase of 71
oponfe at the $2.50 f , )m a Ti producer by a melter
who to not a Ti producer. If the melting were
done by one of the major sponge producers (i.e..
:ismet. MIT, or Oremet),some of the profit may be
absorbed in the primary sponge operation resulting
in a oomewhat lower effective markup than the 42n
we used. However. It still seems unlikely to us
that a price much lower than about $2.00 for good
hydriding grade FeTi can be expected.

SUM!-1ARY AND GENERAL COMMENTS

All of the obvious methods of producing FeTi
have been briefly examined from technical and
economic points of view. To put things into
perspective, the main results(4) for each method
are summarized and compared in Tables 11 and III).
The overall picture is pessimistic. The lowest
FeTi price ($1.64/lb) was obtained with alumino-
thermic reduction, although this result is rather
clouded by the fact that the Al residual lowers
hydrogen storage capacity greatly(4). The only
sure procedures are vacuum induction and ar,
melting of primary Ti and scrap Fe which narrow
down to a FeTi price slightly above $2.00/lb.

Although ilmenite ore is very abundant and
fairly cheap, we are dealing with a fundamental
chemical problem of nature - the intensely strong
bond between Ti and oxygen atoms. The energy
required to break that bond is large and therefore
the extractive metallurgy of Ti is expensive, just
as it is with all other "energy intensive" metals.
The problem is further complicated by the apparent
fact that good hydriding grade FeTi is not tolerant
of impurities, especially Al and 0.

The solution to this dilemma is not obvious.
There is always hope of a new breakthrough that
will substantially lower the cost of Ti or FeTi
extraction from ilmenite. Within the present
state of the art there is little hope for an
immediate or even long term cost reduction of any
significant size. There are a number of things
that can be examined further: GHa reduction,
perhaps more thorough studies of electrolytic
processes, a metallothermic reduction using a
combination of reductants, quaternary additions to
FeTi to counteract the negative Al effect, etc.
In the end, however, what is needed is a radical
new approach to the extractive metallurgy of Ti.
Nature seems to have made this a very formidable
task.

We are grateful to a number of individuals at
Inco, Brookhaven, and numerous outside industrial
organizations.
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Table I

Chemical and Mineral Composition Analysis of Various Ilmenite Ores

Typical Analysis

Chemical Composition* (Wt. Z) Chemical Composition** (Wt. Z) 	 Mineral Composition**

T102
Fe209
FeO
Al203
SiO2

Alkaline Earths
S
P

59.8 Z T102
23.0 Z Fe203
12.0 Z FeO
2.0 Fe (Total)
1.2 Al203
0.05 CaO
0.03 Mg0
0.05 S102

MnO
V20s
Cr203
P20s
Nb205
Zr02
S
C
Loss on Ing. (900°C)

59.54
25.11
9.19

24.63
1.18
0.08
0.88
1.19
0.42
0.22
0.13
0.18
0.17
0.48
0.002
0.019
1.70

Ilmenite 6 Altered
Ilmenite
	 96.6

Rutile
	

0.5
Zircon
	

1.3

Sillimanite
	 0.4

Garnet
	

0.3

Quartz
	

0.5
Monazite
	

0.4
100.0

*Chemalloy, Inc., Bryn Mawr, PA.
**N.L. Industries, inc. (ore source - Quilon (India)).
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Table 11

Production Cost Estimates for FeTi(4) (in $ALb FcTi)

Cost Estimate for Reduction of Fe ii by M3tallothermic Reduction

E3ecnl.t 8
Total	 Deoxi-	 Total	 Final

Material	 Processing	 dation	 Alloy	 42;	 Alloy
Coat lb	 Cost/lb	 Cost/lb	 Coat/lb Markup/lb	 Price/1b

Process	 Out* In** Out* In** Out* In** Out* In** Out* In** Out* In**

Magnestothermic 2.69	 .98	 .13	 .20	 .41	 .41 3.23 1.59 1.36	 .67 4.59 2.26
Calciothemic	 4.05 2.09	 .18	 .25	 .41	 .41 4.64 2.75 1.95 1.16 6.59 3.91
Aluminothermic	 .81	 .59	 .13	 .20	 .41	 .41 1.35 1.14	 .57	 .48 1.92 1.62

Cost Estimate for Production of FeTii by the Chloride (Kroll) Process

Vacuum Induction
Total Material Processing Melting & Deoxidation Final Alloy

Cost/lb	 Cost/lb	 Cost/lb	 Price/lb

1.00	 .80	 .31	 3.00

Cost Estimates for Production of FeTi by Directly Melting Fe and Ti

Total Material Processing and
Materials	 Cost/lb	 Melting Cost/lb Total Cott/lb Final Allot/ Price/lb

Scrap T1 & Fe	 .03 + .462 Ti*** 0.38(Air Melt & 0.41 + 0.462Ti 1.421v.41 + 0.462Ti)
59.4.1 Deoxidize)	 R***	 R

Sponge Ti & Scrap Fe	 1.19	 0.42(Air Melt &	 1.62	 2.87
5%MM Deoxidize)

Sponge Ti & Scrap Fe	 1.19	 0.31(Vac. Ind.	 1.52	 2.20
Melt & I= De-
oxidize)

Sponge Ti & Scrap Fe	 1.19	 0.37(Consumable	 1.56	 2.26
Elec. Vac. Melt
& 12M Deoxid.)

TABLE III

SUMMARY OF FeTi PRODUCTION PROCESSES STUDIED

Estimated
FeTi Price,

Technique	 $/lb.	 Technical Problems Anticipated

Thermodynamically unfeasible.
Thermodynamically unfeasible.
Probably difficult to control on commercial basis.
to prevent Tic formation.
Thermodynamically impractical. Strong tendency
toward Tic formation.
Thermodynamically unfeasible.
High vapor pressure of Mg may make process
impractical or result in very low recoveries.
High vapor pressure of Ca may make process
impractical or result in very low recoveries.

Aluminotbermic Reduction of Ilmenite 1.62*/1.92** High Al and 0 residuals will probably lower
hydrogen capacity.

Molten Salt Electrolysis	 2.70?	 Deposition problems when Ti and Fe chlorides mixed.

Chloride (Kroll) Process	 3.00	 Impurities may reduce capacity. May be difficult
to handle mixed chlorides.

Air Induction Melting of Scrap Ti	 2.00+	 Requires CP Ti scrap of limited availability
and Scrap Fe
Air Induction Melting of Scrap Fe	 2.87	 Recovery, slag handling, and crucible cleanup.
any Sponge Ti (MM Deoxidation)
Vacuum Induction Melting of Scrap	 2.20	 None.
Fe and Sponge Ti (Graphite Crucible)
Consumable Electrode Vacuum Arc	 2.26	 None.
Melting of Scrap Fe and Sponge Ti

*Required for an out-of-furnace process (booster substitutes for furnace power).
**Required for an in-furnace process, without booster.

***Variable price of Ti and recovery R.

H2 Reduction of Ilmenite	 --
CO Reduction of Ilmenite	 --

CHo Reduction of Ilmenite	 ?

C Reduction of Ilmenite	 --

Silicothermic Reduction of Ilmenite 	 --

Magnesiothermic Reduction of Ilmenite 2.26*/4.59**

Calciothermic Reduction of Ilmenite	 3.91*/6.59**
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STATIONARY HYDRIDE VESSEL OF LARGE DIAMETER-
PROGRAM PLAN

Roger E. Billings, Ronald L. Woolley and Jack H.
Billings Energy Corporation

Provo, Utah 84601

Abstract

A metal hydride vessel of engineering
scale has recently been installed as a peak
shaving component of the BEC "Hydrogen Home-
stead." Operational performance and vessel
behavior are to be computer monitored for a
one-year period. Of particular interest are
heat transfer characteristics and the con-
sequence of hydride packing in a large hydride
vessel with a hemispherical end cap. This
paper discusses planned experiments and opera-
tion of the vessel. Instrumentation debugging
is now proceeding preparatory to the start of
data collection.
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I. INTRODUCTION

Hydrogen provides a common energy
carrier that unites all energy resources
with all energy users. The purpose of the
"Hydrogen Homestead" is to demonstrate
this fact with working hardware. A key
component is a metal hydride storage
vessel. Energy demand in a home fluctu-
ates. Hydrogen production from many ener-
gy resources such as wind or solar energy
is also nonuniform and may cease for sev-
eral days. Storage of hydrogen is thus
an essential part of a successful system.

II. SYSTEM! DESCRIPTI®N

In the first phase of the homestead,
hydrogen will be produced by electrolysis
using electricity generated by hydroelec-
tric, wind, coal, or solar energy (Fig. 1).

Hydrogen will pass through a water
trap and then flow either directly to the
homestead or into the hydride vessel,
passing first through an oxygen catalyst
and a molecular sieve dryer before enter-
ing. Homestead uses of hydrogen are as
follows: 1) a Cadillac Seville that may
be switched from hydrogen to gasoline
while driving, 2) a Jacobsen lawn and
garden tractor, 3) oven, 4) range, 5)
barbeque, 6) fireplace log, 7) hot water
supplementary heat when solar energy is
inadequate, and 8) a hydrogen boiler to
aid the heat pumps in the winter.

Low grade heat for dissociation of
the hydrogen from the hydride will come
from two sources: solar energy and re-
action heat when the alloy is hydrided.
Both energies will be stored in a 275 gal-
lon (1041 1) water tank for later use.
Water will be circulated continuously be-
tween the t-.clding tank and a belt water
jacket around the hydride vessel midriff
in an attempt to maintain temperature
uniformity at a level consistent with the
solar collectors (approximately 1310 F or
550 C). Temperature nonuniformity, pres-
sure, tank expansion, and other data will
be monitored and reduced by a BCC micro-
computer.

A specially designed electrolyzer
will produce 3 pounds/day (1.4 Kg/day) of
hydrogen at a pressure of 500 psig (3450
KPa) continuously. At this supply pres-
sure, the hydride will approach maximum
loading even though the temperature is
elevated. Starting from these nominal
operating conditions of elevated tempera-
ture and pressure, the vessel should be
capable of discharging three or more days
of production without additional heat
transfer because of the thermal capacity
of the hydride. Discharge of the remain-
der of the contents will be limited by
the heat exchange rate and by heat con-
duction within the hydride bed.

In order to monitor the temperature

nonuniformity, thermistor probes have
been inserted into the hydride bed and
placed around the vessel periphery. Pres-
sure taps hav ,4 been placed at four loca-
tions to monitor pressure drop through
the bed. The pressure sensors will also
reveal possible filter clogging.

The pressure vessel (Figure 2) con-
sists of two hemispherical end caps join-
ed by a cylindrical section (internal
diameter=36.5 inches=92.7 cm, internal
max height of bed-46.4 inches=118.4 cm).
This low carbon steel vessel is fitted
with pressure taps, a hydrogen flow
port with a 5 micron filter, a hydride
sample port, a sight glass (Figure 3),
and a loosening jet arrangement at the
base. Approximately 4,000 pounds (1814
Kg) of titanium-iron manganese-alloy is
contained within the vessel (Ti y1 Fe
Mn ). It was activated externally aAA
th8n poured into the vessel at in over-
al  vessel density of 190 ib/ft (3040 Kg
/m ).

III. EXPERIMENTS

A number of experiments are planned
to define the operating characteristics
of the system and the behavior of the
vessel. These are as follows:

1. Total hydrogen capacity at
equilibrium.

2. Discharge capacity at constant flow
rate (set by flow controller and mass
flowmeter).

3. Change of hydride particle (Fig. 4)
size and activity with time (sample
removed periodically).

4. Pressure drop through the bed.

S. Pressure drop across the filter.

6. Temperature profile within hydride
bed.

7. Temperature gradient on vessel sur-
face.

8. Heat transfer to circulation water.

9. Filter clogging.

10. Alloy mobilization in the outlet gas
stream.

11. Change in tank girth with pressure,
temperature, and hydride packing.

12. Visual observation of hydride motion
and size change.

13. Effectiveness of loosening jets in
breakup of hydride packing and lock-
up.

14. Effectiveness of circulation of heat-
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ed hydrogen in discharging the vessel.

IV. CONCLUSIONS

Tests of the metal hydride storage
vessel, a component in the BEC Hydrogen
Homestead, will provide engineering scale
information relative to the use of hydrid-
iug alloy in a pressure vessel. Data on
heat transfer, pressure drop, working ca-
pacity, and changes in vessel dimensions

will be gathered in the program. The
storage vessel represents practical appli-
cation of new technology as an important
part of an independent energy system.

V. ACKNOWLEDGEMENT

This program is sponsored by the U.S.
Department of Energy under a subcontract
with the Brookhaven National Laboratory.
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HYDROGEN AS A CHEMICAL FEEDSTOCK
(STUDY AND WORKSHOP)

C. J. Huang
University of Houston
Houston, Texas 77004

R. K. Tang
Jet Propulsion Laboratory

California Institute of Technology
Pasadena, California 91103

Abstract

The objective of this study and
workshop is to determine steps which
can, and should, be taken to enable
and encourage a shift in the chemical
industries from natural gas and naphtha
as hydrogen sources to other energy forms.

Preliminary findings of informal
interviews conducted prior to the work-
shop are summarizPd for key segments of
the hydrogen market. Plans for the
workshop to be held iu December, 1977
are discussed.
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HYDROGEN AS A CHEMICAL FEEDSTOCK
(STUDY & WORKSHOP)

1. INTRODUCTION

Current hydrogen use in the U.S. is dominated
by applications in the chemical and petroleum in-
dustries, with a projected annual growth during the
next 25 years of between 6 and 12 percent. The
supply of the traditional hydrogen feedstocks,
principally natural gas, is becoming a problem.
This will tend to increase the market penetration
of hydrogen produced from feedstocks and techniques
less affected by increasing scarcity and rising
cost. New government energy policies may accel-
erate this trend toward non-traditional sources,
particularly from coal in the near future.

The HEST study quantified the supply and use
of hydrogen in the U.S., developed projections for
the balance of the century, and identified alter-
natives to the present practices. The alternative
High vs Low Merchant to Captive ratios for Hydrogen
Supply scenarios were developed and documented in
Hydrogen Tomorrow (Ch. III and IV). For each in-
dustry, the fractions of hydrogen which could be
supplied as merchant were calculated. This was
done based on extensive contacts with the indust-
ries involved in addition to, and as a basis for,
our own analyses.

The present study is intended to determine
steps which can, and should, be taken (particularly
by the government) to enable and encourage a shift
in the chemical industries from natural gas and
naphtha as hydrogen sources to other energy forms.
This may come about through merchant supplies of
hydrogen, or through shifts in captive production
to the other energy forms. The steps may include
technology enhancement, further analyses or assess-
ments, or recommended regulatory modifications.
The technologies may be in the areas of hydrogen
production, delivery or storage.

The study will interface closely with the
University of Houston Workshop (see Sect. 3), using
the workshop as a data source. It will concentrate
on the chemical and petro-chemical industries but
will consider other users of hydrogen as approp-
riate. Alternative hydrogen production from coal
gasification, electrolysis, and heavy oil will be
considered. For each industry, the needed mixtures
of gases with hydrogen, and the value of hydrogen
purity will be determined, as will the prospects of
biproduct utilization.

It is anticipated that the workshop and study
will identify and lead to approaches for significant
conservation of natural gas and petroleum distill-
ates. Based on the findings and recommendations of
the Houston Workshop, a study contract will be
issued to conduct the in-depth analysis in phase
two during FY'78.

2. PRE-WORKSHOP FINDINGS

A series of informal interviews was conducted
prior to the Houston workshop with various chemical
industry representatives, to gain some insight into
the issues of concern to the industry. The pre-
liminary findings of these interviews are summar-
ized below for several key segments of the hydrogen
market.

A. AMONIA AND METHANOL

Essentially all ammonia and methanol production
In the U.S. uses natural gas as both feedstock and
fuel. Together, these two markets account for about
one-third of the natural gas consumed by thi chem-
ical and allied products sector in the U.S., or
3.3% of the total natural gas consumption in the
nation.

The heavy dependence of these markets on
natural gas as feedstock and fuel would lead one
to believe that ammonia and methanol producers must
be busily investigating alternative sources of feed-
stock and fuels. A survey of major ammonia pro-
ducers by the IGT in 1975 revealed that "of the
30 plants responding, half have some concerns about
meeting their natural gas requirements through 1985.
23 have experienced some form of service curtail-
ment or interruption, and 16 have had to alter or
cancel expansion plans because of a lack of natural
gas. Almost half of these plants are developing
background information on other kinds of processes
not using natural gas, but only two are switching
some of their fuel uses to oil."

A survey of major methanol producers by they
IGT revealed a similar response regarding their
natural gas supply situation. The consensus ap-
pears to be that our natural gas production will
not increase significantly in the next decade.
Demand projections for ammonia and methanol, on the
other hand, range from 3% annual growth or higher.
Translated to hydrogen demand, these two markets
may well require twice the present 0.5 Quad of
Hydrogen by 1990, at a 6% growth rate.

Our recent interviews with chemical industry
representatives revealed that many economic studies
are underway, particularly in the coal conversion
area. One recently published report (Brookhaven-
Exxon) concluded, on the basis of production ec-
onomics studios, tKat coal gasification technology
(improved K-T pro ,.ess) could become competitive
with natural gas reforming for methanol production
by 1982 and ammonia production by 1989. (A key
assumption made in this report is that the cost of
natural gas and petroleum products will escalate at
1.5Z per year over the general inflation rate of
52.) All of the new ammonia plants announced for
construction by 1985 are based on the use of natural
gas.

In an Effort to survey the synthetic fuels
industry, the Koppers Company sent questionnaires
in 1976 to presidents or chief executive officers
of 161 U.S. and 6 Canadian companies or research
organizations, with an interest in coal gas-
ification.

The survey was designed to provide meaningful
answers in the following areas:

• the impact of the energy crisis to date on
each organization

• the interest in alternate energy supply
from coal

• the attitude toward energy allocation by
the federal government

• the interest in government incentives for
establishment of synthetic fuel plants
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The response to Item No. 10 of the question-
naire is of particular interest, as it reflects the
views of industry on the issue of government in-
centives. Of the six types of incentives listed,
the survey revealed the following order of pre-
ference by the respondents:

(1) Accelerated depreciation of facilities
(3-5 years)

(2) Increase of present investment tax credit

(3) Ability to issue tax-free bonds

(4) Loan guarantees by the federal government

(5) Government equalizing prices of sub-
stitute fuels with that of imported oil

(6) Government project financing with pro-
vision for lease to industry

The following comments from chemical companies
may be noted:

"The most important government incentive, in
our opinion, is price protection so that the oyn-
thetic gas from coal gasification plants does not
incur the grave risk of being undermined by sudden
reduction in OPEC oil prices. In conjunction with
this type of price protection from the government,
we feel that issuance of tax-free bonds and in-
creasing the investment tax credit from say 10 to
20 percent would be the most effective incentives
Involving minimum subsequent government inter-
ference."

B. COAL LIQUEFACTION

Hydrogenation is a key conversion reaction of
coal liquefaction processes. A coal liquefaction
process, such as the H-Coal process, requires 18,600
SCFT of hydrogen for each ton of coal to be lique-
fied. Since one ton of coal is converted to 4.44
Bbls of Syncruds, a liquefaction plant with a daily
capacity of 100,000 Bbls Syncrude demands 419
millions SCFT of hydrogen for hydrogenation, in
addition to 50 million SCPT fox desulfurization.
In terms of mass, the hydrogen requirement of a
100,000 Bbl/day Syncrude plant is 2.64 million
pounds per day. If this hydrogen requirements is
to be met by a coal gasification plant affiliated
with the liquefaction facilities, and if the
hydrogen yield from coal is 4.9% by weight, the
amount of coal required for the hydrogen produc-
tion is 24,490 tons per day. Since the liquefaction
facilities convert 22,520 tons of coal to Syncrude,
It means that for each ton of coal converted to
Syncrude, an additional ton of coal would be ex-
panded to generate the necessary hydrogen. If and
when the nation's capacity for coal liquefaction
reaches one million Bbls per day, the annual re-
quirement of hydrogen will be equal to 4 million
tons. This is equivalent to 34.4% of the hydrogen
required for methanoli2nd ammonia syntheses in the
year 2000. (4.5 x 10 SCF/YR.)

The above figures also indicate that if the
hydrogen requirement of 4 million tans can be stet
from other sources, then the coal required for this
purpose can be converted to another million Bbls/
day of Syncrude.

Technologically, coal liquefaction to produce
syncrude has been proven. Its full Industrial-
ization is dependent on factors such as:

(1) The nation's industrial capacity of fab-
ricating the necessary process equipment

(2) Code modification for the process equip-
ment

(3) Guarantee for raw material supply and its
price

(4) Guarantee for products sales and prices

(5) Investment finance

C. DIRECT IRON REDUCTION

At the present time (November 1977), there are
six direct reduction plants in operation in this
country, with an annual production capacity of
1,260,000 metric tons. By 1980 the national cap-
acity will be increased by 900,000 metric tons with
the expected completion of an additional plant in
Texas. Thus in 1980, the direct reduction capacity
In this country will reach 2,160,000 metric tons per
year. In four of the above seven plants, totaling
the annual capacity f 2 million tons the reducing
agents are manufactured by reforming natural gas or
oil. The reduetant gas mixture contains 74% hyd-
rogen and it is estimated that approximately 100
pounds of hydrogen is required for each ton of the
reduced product. By 1980, the hydrogen requirement
for direct iron reduction will be 91,000 tons per
year. This amount is relatively small compared with
the other hydrogen requirements such as ammonia or
methanol production. It is noted that a direct
iron reduction plant becomes economically not com-
petitive if its capacity goes beyond 1,000,000 tons
per year. Furthermore, the national capacity of
direct reduction is not expected to grow substant-
ially in this country. For these reasons, the
hydrogen consumption in this industrial sector is
not significant. In contrast with the slow develop-
ment in the U.S., Venezuela will expand its cap-
acity for direct reduction from the present 1
million tons to 5 million tons a year in 1980.

D. PETROLEUM REFINING

Petroleum refining consumes approximately 47%
of the total industrial hydrogen consumed in this
country. Even though it is the largest sector in
the hydrogen supply/demand picture, there seems to
be a lack of fairly accurate quantitative data
available. A petroleum refinery is a producer as
well as a consumer of hydrogen and therefore it
does not, in general, report its demand/supply data
to the outside. This is a major reason for the
lack of quantitative data. Furthermore, the
hydrogen consumption in a refinery is determined
by complicated and inter-related factors such as:

215



(1) Quantity of crude oil processed

(2) Quality and source of crude oil processed

(3) Refining processes

(4) Prou...t-mix

(5) Euviroamental constraints

Each petroleum refinery seems to have its own un-
ique set of the above factors influencing its re-
fining operation, and consequently its hydrogen
requirements. However, as a good approximation to
determine the national demand in this sector, it
may be assumed that the catalytic reforming in re-
fineries supplies enough hydrogen to meet the
demands for desulfurization of light distillate
and other minor hydro-treating operations. And
that the hydrogen consumed by gas oil desulfur-
ization, residue desulfurizatton and residue hydro-
cracking will be supplied w:tth merchant hydrogen or
specifically installed hydrogen production units
such as steam reformer of naturalgas or oil. There
is another reason for the special hydrogen produc-
tion units to supply hydrogen to these three
operations. The processes require a hydrogen
stream of high concentration (up to 95% purity)
whereas the hydrogen stream from a conventional
catalytic reforming unit is only 70 or 8OZ purity.
The hydrogen requirement for these three refining
processes, as reported in the Brookhaven-Exxon re-
port, is approximately 2.75 million tons of hydrogen
a year in 1990. The estimate is also based on an-
other assumption that the residue treatment process-
es are characterized by "carbon removal" rather
than "hydrogen addition". A definitive study of
hydrogen requirements for petroleum refining
operation is not available in the literature.

E. FUEL CELL ELECTRICITY GENERATION

Conversion of fuels to electricity by means of
fuel cells can be accomplished in a highly efficient
sacs environmentally acceptable manner. Two major
areaA of application are envisioned for fuel cells.
Large multi-megawatt fuel cell power plants may be
constructed w•lthin electric utility networks to
complement large-scale systems. The generation
needs of small private and public utilities may be
provided by these power plants. Smaller size fuel
cells may be installed at building locations to
provide integrated electric and thermal service for
commercial and industrial complexes. There are
varying estimates of the market for liquid and gas-
eous fueled electric generation equipment. Its
market growth is estimated to be in a range of 5%
to 6.7Z.

The penetration of fuel cell power plants
Into the market is clouded by uncertainties assoc-
iated with the growth rate. Nevertheless, a
specific market, i.e., replacement of retired
generation plants in areas of fuel shortage and
critical environment, appears extremely attractive.
It is estimated that the market for fuel cell power
plants will be largest in private utilities,
followed by the on-aite integrated energy system
for commercial and Industrial complexes. An
estimate for the total fuel cell market fof the
five year period of 1980-1985

In between 26,800 and 82,300 MW. The annual demand
of hydrogen required for these fuel cell plants is
estimated to be between 2.4 x 10 12 SCF to 6.9 x 1012
SCP. This is indeed a tremendous market for
hydrogen, comparable to that needed for manufactur-
ing ammonia and methanol.

Several other attractive benefits are
associated with fuel cell application for power
plants but its technological and economic feas-
ibility should be demonstrated for commercial-scale
facilities.

F. FOOD INDUSTRY

in the food industry, hydrogen is mainly used
to hydrogenate fats and oils. The hydrogen re-
quirement is rather small, approximately 17,000
tons per year. This hydrogen market has the follow-
ing unique features:

(1) Demand per plant is small, from 50 to
1,000 MSCF/day/plant

(2) High purity hydrogen is required with
pressure range of 60-200 psig

(3) Hydrogen cost is insignificant in deter-
atning the final price of the products.
(Thais, the industry is more concerned
wits its steady and easy access to
hydrogen than with the hydrogen cost
itself.)

(4) Since hydrogen is not produced within
Its manufacturing processes, it is sup-
plied by small-scale hydrogen production
units on-site or by purchasing merchant
hydrogen

-'5) Hydrogenating plants are located across
the country, currently there are 50
plants in 20 states

3. WORKSHOP PLANS

The University of Houston has received a
grant from ERDA to conduct a workshop on the "Supply
and Demanfl -if Hydrogen as Chemical Feedstock" on
December l:i-14, 1977, at the University. The work-
shop is being organized by Dr. C. J. Huang,
Professor of Chemical Engineering.

The objectives of this workshop are:

(1) to assess and predict the present and
future demand and supply of hydrogen as
a chemical feedstock,

(2) to discuss and evaluate the available
technology and econcmic feasibility of
manufacturing hydrogen from sources other
than oil or natural gas

(3) to develop implementation scenarios and
to formulate recommendations for obtain-•
ing chemical raw material hydrogen from
sources other than oil or natural gas
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Approximately sixty participants, including
some from outside the U.S., have been invited.
They include executives, plant managers, economic
planners and process engineers from the:

• Oil refining industry

• Petrochemical industry

• Agricultural chemicals and other industry

• Potential hydrogen supplier industries

• Indepeudent engineering consultants

• Chemical plant engineers and constructors

• Academic and non-profit research organ-
izations

• Government agencies

A preliminary conference was held in September
1977 to work out the details of the workshop pro-
gram. There will be a total of six sessions, with
short paperls on various key issues to be presented
for discussion by all participants. The final
session will conclude with recommendations on the
future supply of hydrogen as chemical feedstock,
following detailed diser;.aion of alternative
scenarios and their technical and economic feas-
ibility. A report on the workshop will be sub-
mitted to ERDA by April 1978.
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Abstract

As the first phase of a study to explore the use of hydrogen energy systems to implement solar
energy, potential roles are broadly identified in terms of future markets and the formulation of implemen-
tation scenarios. By converting solar energy to hydrogen, an energy pathway is created whereby solar
energy can supply major new markets comprising (1) production of chemicals such as ammonia and methanol,
(2) total energy/cogeneration, (3) synfuel /chemical feedstock production, (4) direct fuel uses, and
(5) other small but important uses such as ore reduction. These new market opportunities for implementing
solar energy are preiicated primarily on the unique role of hydrogen as a key element in the chemical/
industry sector.

Implementation of solar-hydrogen systems to fulfill these new markets is analyzed in terms of key

issues. By considering the renewable fuel era (estimated to start in mz 2030), where fossil sources are
sharply declining, a critical and major role for hydrogen systems is identified. In the absence of fossil
fuels, the survival of our entire hydrocarbon-based chemical industry requires use of solar (or other non-
fossil sources.) to generate hydrogen from water. The key is sues then revolve about developing and imple-
menting solar-hydrogen systems to effect a smooth transition directed toward fulfilling this ultimate
role. Issues governing implementation include conservation policies, possible environmental impacts from
carbon dioxide generated from continuing accelerated usage of fossil fuels, and emergence of large markets
for byproduct oxyren. These issues are addressed in terms of their potential for accelerating Implementa-
tion of solar-hydrogen systems.
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1. IIntreduction

A major thrust in the Departeent of Energy's
(DOE) overall program is to develop and support
implementation of solar energy systez^s to conserve
rapidly depleting natural gas and petroleum
reserves. By combining solar energy with hydrogen
systems, new possibilities nay be uncovered which
could enhance the implementation of solar energy.
In such solar-hydrogen energy systems, solar energy
Is used to generate hydrogen from water. This
hydrogen is then transmitted, stored, and used in
myriad ways, e.g., it can be used as a fuel to gen-
erate electrical energy or as a chemical feedstock
to produce ammonia and methanol.

The overall objective of the present effort is
to examine roles for solar-hydrogen systems as a
basis for projecting which roles are likely to be
fulfilled and in what sequence. Emphasis is placed
on roles which utilize unique characteristics of
hydrogen systems since these roles are considered
to have a greater likelihood of being implemented.
That is, unique roles are capably of creating new
opportunities fnr enhancing the implementation of
solar energy.

A. Approach

As shown in Fig. 1, the effort is divided into
two phases and the present paper covers only the
first phase which was completed in FY77. This
Phase 1 activity identifies potential roles for
solar-hydrogen systems. The follow-on Phase 2
effort will examine solar hydrogen systems in terms
of practicability and required technology develop-
ment to fulfill the roles identified in Phase 1.

The approach to identifying roles /options
involved the delineation of future mathets in terms
of potential size as a function of time. Then,
implementation scenarios were formulated in terms
of timefr.-ame, key issues, and alternatives.

A basic premise for the Phase 1 effort is that
technology for both solar and hydrogen systems will
be successfully developed and that goals in terms
of performance and cost will be achieved per present
development program schedules. The identified roles
and implementation scenarios from Phase 1 only show
potential for solar-hydrogen systems and do not
address the likelihood of achieving this potential
or consider ultimate efficiencies.

The Phase 2 effort (Fig. 1) will examine sys-
tem options primarily in terms of technology status
and associated uncertainties in projected costs and
performance. The effect of these uncertainties on
expected implementation will be evaluated in
terms of estimated R&D requirements (both time and
funds) and relative technical risks. Basic steps
Involved in the Phase 2 activity and their inter-
action are depicted on Fig. 1. The technical devel-
opment activities which will potentially provide
the greatest contribution toward implementation of
solar-hydrogen systems will be delineated to serve
as an input for DOE's Hydrogen Storage Systems
program.

B. Scope

Solar energy systems are in a very early stage
of development and, are not commercially compet-
itive with fossil and nuclear systems for large

scale power generation. The rate of implementation
of solar energy systems will be governed by deple-
tion rates (and associated price escalations) for
fossil fuels, the viability of solar systems vis-a-
vis other renewable or large energy source alterna-
tives such as nuclear fusion, ocean thermal gradi-
ent geothermal, etc., and the degree of ruccess in
developing solar energy systems tailored to meet
application system/end-use requirements.

The implementation of solar energy systems and
in particular solar-hydrogen systems is therefore
dependent on the complex interrelations of overall
energy usage and the evolving policies which will
govern this usage. Projections of energy usage
range from simple extrapolation of current use pat-
tern and growth rates to reduced consumption based
on conservation and development of more energy-
efficient systems and processes.

Within the scope of the present study, the
many different energy futures and their complex
ramifications on implementation of solar -hydrogen
systems cannot be assessed in detail. The effort
is thus limited to the well-established energy
futures which were previously used as the basis for
projecting hydrogen demand (Ref. 1). The rationale
inherent in these futures provides a framework
within which specific issues relating to implemen-
tation of solar-hydrogen systems can be analyzed.

The energy future, employed in Ref. 1 stressed
conservation of fossil resources by use of techni-
cally improved and more efficient devices and the
shifting of energy sources from natural gas and
petroleum to coal and nuclear energy. The futures
covered a period up to the year 2000 during which
depletable resources of natural gas, petroleum, and
coal play major roles. Renewable sources such as
solar energy will of necessity assume the dominant
role when these depletable sources become scarce.
Baseline projections of solar energy implementation
to the year 2020 for the present study are derived
from ERDA-49 (Ref. 2).

Thus, when identifying roles for solar-
hydrogen systems, it is necessary to extend the
energy futures of Ref. 1 and look beyond the
depletable fossil fuel era. Within the scope of
the present study, major roles that were identified
for solar-hydrogen systems in the post fossil or
renewable fuel era could only be explored in terms
of basic first order considerations; however, the
existence of potentially major roles in the post
fossil era provides a perspective regarding tech-
nology development activities. The development
effort during the fossil era should be regarded as a
transitional phase where specific activities will.be
ordered to provide a smooth transition in meeting
the requirements of the post fossil era.

II. Solar-Hydrogen Systems

A solar-hydrogen system is herein defined as
a system where solar energy is collected and used
to generate hydrogen which is then transmitted,
stored, and supplied to end-use markets.

A. Utility Hydrogen Energy Storage

Hydrogen energy systems were initially
directed primarily towards being an energy
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transmission and storage medium for electric utili-
ties (Ref. 3). The basic system is oh3wn in Fig. 2
(Ref. 4). Off-peak utility power in the form of
electricity and /or heat is used to decompose water
into hydrogen and oxygen. The hydrogen can then be
stored and used in fuel cells or turbines to gener-
ate electrical energy during peak power demand
periods. As indicated on Fig. 2, the byproduct
oxygen can be either sold to oxygen users or used
as the oxidant for the fuel cells and turbines.

A major feature of this storage system is
flexibility with regard to the location of compo-
nents. For the usually considered case of electro-
lytic decomposition of water, the electrolyzer can
be located near available water since electrical
L-ergy can be supplied from the central power plant
via electric transmission lines. The hydrogen can
then be transported in pipelines to another site
such as an underground storage reservoir. From the
storage reservoir, the hydrogen can again be piped
to a conversion plant located, e.g., within the
load center.

B. Solar Energy Systems

Solar energy systems encompass a wide spec-
trum which is broken down into the following two
basic categories (Ref. 5):

e Natural Collection - Indirect Use
• Photosynthetic processes in plants
• Generation of winds and waves
• Creation of ocean thermal gradients

® Engineered Collection - Direct Use
• Conversion of photons to electricity
® Conversion of insolation to thermal

energy
- Use for heating needs
- Convert to electricity via heat

engines
® Thermionic

All of the above methods of collecting solar
energy are being pursued (Ref. 6). Biomass systems
are based on photosynthetic processes. Programs to
use wind power and ocean thermal gradients to gen-
erate power (OTEC - Oceap Thermal Energy Conver-
sion) are underway (Ref. 2). Engineered collection
systems are focused on photovoltaic systems
(photons to electricity) and solar thermal power
systems. A 10 MW solar thermal power plant is
presently being developed for installation at
Barstow, CA. The concept involves a central
receiver mounted on a tower. A field of two-axis
tracking mirrors (or heliostats) reflects energy on
the receiver in which steam is generated. The
steam is then used to power a steam power plant as
shown on Fig. 3.

C. Solar-Hydrogen Production Pathways

The solar-hydrogen production pathways corre-
sponding to natural and engineered solar collection
systems are presented on Figs. 4 and 5, respec-
tively. For natural collection systems of Fig. 4,
the photosynthesis process embodies several
options. First, the green plants, produced from
photosynthesis can be either burned directly to
produce heat or they can be processed (chemical
conversion) to form products such as methanol which
can be used as a fuel for combustion or a chemical
feedstock. The thermal energy of combustion can
be used to drive either a thermochemical plant
which uses heat to split water via a series of

closed loop chemical reactions or a power conver-
sion (heat engine) system to produce electrical
power which is fed to an electrolysis plant.

The pathway for wind power involves only elec-
trolysis wince the energy is initially in mechani-
cal form. The OTEC plant uses small differential
temperatures of -20°F to drive a heat engine cycle
which is coupled to an electrolysis plant. The
wind power plant can employ storage such as bat-
teries or flywheels to smooth out wind speed vari-
ations and thereby allow the electrolysis plant to
be sized for operating loads that are lower than
peak wind energy loads. The OTEC plant is expected
to generate a steady load so that storage ahead of
the electrolysis plant is not needed.

For engineered collection systems (Fig. 5),
the photovoltaic plant directly converts solar
energy to electricity and is therefore coupled to
an electrolysis plant for hydrogen production.
Solar-thermal plants have two optinnal pathways
involving power conversion - electrolysis or
thermochemical plants. Photolytic plants capture
photons and directly split water via electrochemi-
cal processes. Compared to the photovoltaic
approach, the intermediate step of generating elec-
tricity is avoided, but the photolytic approach is
in the early research stage, whereas photovoltaic
and solar-thermal systems are in the development and
design phase. The thermochemical plant is also con-
sidered to be in the early research stage.

D. Basic Roles for Hydrogen Systems

After hydrogen is produced from solar energy
via any of the spectrum of pathways shown on
Figs. 4 and 5, the major role of hydrogen systems
involves energy storage and transmission of energy
to users as illustrated on Fig. 6. For the system
on the upper portion of Fig. 6, electricity is
generated on the outskirts of the load center and
the electrical distribution network is used to
transmit energy within the load center. A portion
of the hydrogen is also supplied to large indus-
trial users. For the system on the lower portion
of Fig. 6, hydrogen is distributed via pipelines
within the load center and electricity is gener-
ated by small substations within the load center
where waste heat from electrical production can be
used to meet heat loads.

In the context of large scale implementation
of solar energy, two features of hydrogen systems
are particularly attractive. Pipeline transmis-
sion coupled with underground gas storage has
potential for achieving low-cost, long distance
delivery of energy (Ref. 4). As shown on Fig. 7,
the region of highest insolation is in the South-
west and this energy could be transported to major
load centers via hydrogen pipelines with storage
accomplished in underground reservoirs which gen-
erally exist near major load centers. Present
underground natural gas reservoirs as shown on
Fig. 7 will become available for hydrogen storage
as natural gas is depleted and additional new
reservoirs could be found and/or developed.

III. Future Markets

The primary thrust of present engineered solar
collection system programs is to supply heat and
electrical energy markets. Hydrogen energy systems
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permit solar energy to supply major new markets as
shown on Fig. 8.

A. Chemical Markets

Hydrogen is a basic feedstock for producing
essential chemicals such as ammonia for fertilizers
and methanol for the plastic industry. It also has
a major role in petroleum refining. As indicated
in Ref. 1, this market accounts for %90!9 of present
hydrogen usage which is of the order of
-3 x 1012 SCF/year.

Over -702 of present hydrogen requirements are
supplied by natural gas via steam reforming. As
natural gas reserves become depleted, shifts to
other sources such as coal are anticipated. As
governed by conservation policies, environmental
Impacts, and related issues, solar may initially
make some penetration into this market.

For both coal and solar, the possibility of
supplying this chemical market via e •-ternally-
generated merchant hydrogen exists. That is,
hydrogen can be generated in large coal or solar
plants and than be shipped via pipelines to indus-
trial users. A Factor which could stimulate a move
toward merchant hydrogen is the possibility of cap-
ital cost savings for chemical plants via removal
of equipment associated with the captive (on-site)
hydrogen generation. As shown on Fig. 9, a major
portion of present ammonia plants is associated
with the generation of hydrogen and nitrogen. If
external hydrogen is supplied. this equipment
(inside the dashed box) can be removed and this
will reduce capital costs by -50%. A nitrogen
plant will have to be added. but a substantial net
cost savings will result.

B. Total Energy/Cogeneration

The use of total energy and cogeneration sys-
tems, where electrical and heat needs are provided
by an on-site conversion plant, is being pursued
by DOE since high overall energy efficiencies are
possible. Basically, the reject heat from electri-
cal generation is used for heat needs and detailed
matching of heat and electrical loads is required.
Cogeneration and total energy both involve the con-
cept of reject heat utilization, but cogeneration
has the added flexibility that part of the electri-
cal power generated on-site can be supplied to the
utility grid.

The near term emphasis for total energy/
cogeneration systems involves the use of fossil
fuel energy. The use of on-site solar-thermal total
energy systems is also being investigated (Ref. 7).
The solar-hydrogen pathway can provide several major
advantages. The on-site location of a solar-
thermal total energy system requires substantial
land area for solar collection and this could rule
out some potential applications, particularly in
crowded industrial centers. With solar-hydrogen
systems, the solar collection plant can be located
at an off-site location while the more compact
energy conversion components can be located on-site.
Hydrogen can be supplied via pipelines from the
solar collection plant to the industrial or com-
mercial use site. Hydrogen can also be stored,
e.g., in underground reservoirs, and when fossil
fuel reserves become depleted. total energy/
cogeneration plants using fossil fuels can be con-
verted to use solar-hydrogen.

Markets for total energy/cogeneration systems
are shown in Table 1 (Ref. 8). The process heat
requirements listed in Table 1 could be supplied
by reject heat from electrical generation. where
the reject heat must be supplied in the application
temperature range shown. As shown in Table 2,
hydrogen/oxygen and hydrogen/air fuel cells and gas
turbines can furnish reject heat temperatures suit-
able for a large portion of the process heat needs
of Table 1.

C. Synfuel/Chemical Feedstock Production

As natural gas and petroleum reserves are
depleted, fossil sources such as coal, oil shale,
tar sands, and also biomass can be processed to pro-
duce synfuels. Processes for synthetic natural gas
(SNG) and liquid fuels require hydrogenation since
the source feedstocks are hydrogen deficient in
relation to the output product. A sizable fraction
of the synfuel process is therefore devoted to the
production of the required hydrogen using the
source feedstock as an energy source.

If the required hydrogen were supplied from
an external solar-hydrogen source, the capital
costs of the synfuel plants could be reduced.
Additionally, the product yield per unit feedstock
source would increase and carbon dioxide emissions
would be reduced. These benefits are presented
on Table 3 for coal-based processes. For the same
product yield, coal savings of the order of 507 to
60% are indicated for SNG and synthetic gasoline
production. The reduction in carbon dioxide emis-
sions is approximately the same as the coal sav-
ings. Substantial capital cost savings of at least
352 are indicated for these two processes. Lesser
but significant savings of the order of -8Z accrue
to the process for producing solvent refined coal
(SRC).

Process diagrams for the SNG and liquid fuel
(I. G. Farben) processes are shown on Figs. 10 and
11, respectively. It is indicated that substantial
portions of the process plant can be removed when
external hydrogen is supplied. The economic via-
bility of using external hydrogen is of course
governed by the cost of this hydrogen. However,
the prospects of substantial savings in both cap-
ital and feedstocks tend to push for earlier entry
of external hydrogen.

D. Direct Fuel Uses

Hydrogen from solar can also be supplied for
direct fuel uses such as industrial process heat,
transportation, and commercial/residential needs.
When fossil fuels are in relatively plentiful sup-
ply, solar-hydrogen can only make a small penetra-
tion since it is more costly. Use of some hydrogen
Ls a fuel is a possibility for uses requiring clean
burning/low air pollution.

As fossil sources such as natural gas become
scarce, hydrogen can potentially serve as a
replacement where competitors will be other syn-
fuels. The penetration of solar-hydrogen into the
direct fuel market could initially be accomplished
in a gradual manner by using hydrogen to supplement
natural gas as shortfalls develop.

E. Other Small Uses

Hydrogen is needed for numerous small but
important markets such as ore reduction, reducing
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agent, beat transfer fluid, etc. N"hen fossil
sources for hydrogen production are no longer avail-
able, aolar-hydrogen system can supply the needed
hydrogen to sustain these markets.

G. Potential EMari:er for Solar-1flydro^en

The potential new markets for solar energy via
hydrogen otter-o are dominated by chemical industry
requirements. In the Hydrogen Energy Systems Tech-
nology (HEST) study of fief. 1, projections of
hydrogen demand were made for a Reference projec-
tion based on the ford FTFB scenario (Ref. 9). For
this Reference projection a high merchant supply
option was formulated where energy policies based
on conservation would tend to stimulate earlier
introduction of solar (renewable) sources.

Results of projections for solar-hydrogen
based on this HEST projection are shown on Fig. 12
as additions to solar projections for other markets
per ERDA-49 (fief. 2). It is seen that the poten-
tial solar-,aydrogen markets (dashed lines) repre-
sent a substantial increase in the solar market.
It is noted that the energy shown on Fig. 12 is in
terms of source energy or the solar energy that has
to be supplied. The actual energy delivered to the
end use is a fraction of this energy as determined
by the system efficiency.

In projecting solar-hydrogen to the year 2020,
it was assumed that solar would displace all of the
natural gas while assuming half of the percentage
burden carried by petroleum in the year 2000. These
trends follow from the expected depletion of natural
gas and petroleum. It is noted that solar com-
prises -I`!„ -10%, and -301 of the total source
energy in the years 1985, 2000, and 2020, respec-
tively. This provides a measure of the anticipated
development ti©eframe for solar and the logical
increase in implementation rate as fossil reserves
decline.

IV. Implementation Issues

The rate at which solar-hydrogen systems
will be implemented to fulfill the identified mar-
kets depends on three key issues which are:
(1) the tineframe, since availability of fossil
fuels is declining, (2) existence of markets for
byproduct oxygen, and (3) environmental impacts
associated with an increase in atmospheric carbon
dioxide.

A. Fossil Fuel Era

During the fossil fuel era, where fossil
sources are dominant, the primary candidate energy
sources are fossil, nuclear, and renewable/
nonfossil. Energy carriers include electricity,
hydrogen, and fossil fuels. :Major end use cate-
gories are electric utilities, chemical industry,
and fuel requirements.

The primary and secondary pathways for hydro-
gen during this fossil fuel era are shown on
Fig. 13. The primary pathway involves the use of
fossil fuels to generate hydrogen for use in the
chemical industry. This pathway employs well-
developed technology and is the most economical as
long as fossil sources are available.

The secondary pathway involves nuclear and
renewable sources with the possibility of so°e sup-
plementation of natural gas in the latter portion
of the fossil fuel era. This coincides with the
projections of Gig. 12, where solar (renewable)
sources bepi, to penetrate the m rket after 1985
and grow rapidly only after the year 2000.

D. Renewable Fuel Era

in the renewable fuel era (estimated to start
in m2030) where fossil sources are no longer demi-
nant, a critical pathway involving hydrogen energy
systems is identified on Fig. 14. In the absence
of fossil fuels, the survival of our hydrocarbon-
based chemical industry requires hydrogen from
water and carbon from sources such as biomass/waste
recycling. Thus, hydrogen systems provide a vital
energy pathway between solar and other renewable
energy sources and the chemical industry.

The identification of a critical future need
for hydrogen systems using solar and other non-
fossil sources provides a basic framework for a
coherent development program and implementation
plan. The development and implementation sequence
can be structured to provide a smooth transition
directed toward ultimately fulfilling the essential
role of hydrogen systems in maintaining our
chemical-based industrial complex.

As shown in Fig. 14, fuel requirements can be
met by either hydrogen or other synfuels. However,
hydrogen is required for production of synfuel.
Hence, hydrogen systems also play a critical role
with regard to satisfying fuel requirements.

C. Markets for Byproduct oxygen

When hydrogen is produced via the decomposi-
tion of water, oxygen is formed as a byproduct.
If this byproduct oxygen could be sold as a mer-
chant gas, the costs of the solar-hydrogen system
can be spread over both hydrogen and oxygen. The
net effect will be a lower cost for hydrogen pro-
duction and an associated greater market
penetration.

As shown in Table 4, the potential market for
merchant oxygen is projected to grow rapidly.
Large new markets for waste water treatment and
synfuel/feedstock production are identified. The
byproduct oxygen associated with projected solar-
hydrogen (Fig. 12) can satisfy a substantial por-
tion of the oxygen demand as shown on Fig. 15.
Thus, it appears that byproduct oxygen from solar-
hydrogen systems can be sold at prices competitive
with alternative sources of oxygen production such
as air separation plants.

D. Increase in Atmospheric Carbon Dioxide

Potentially large and catastrophic environ-
mental impacts are possible as a result of contin-
ued growth in atmospheric carbon dioxide concen-
tration associated with fossil fuel usage (Refs. 10,
11, and 12). Based on detailed measurements of
atmospheric carbon dioxide since 1958, a 13% in-
crease has been observed.
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For over 100 years, carbon dioxide cnioolono
have Increaoed at the rate of -4.3; per year. The
consequence of continued carbon dioxide enioolon to
an increase In climatic temperatures which can cause
impacts such as relocation of agricultural regions
and melting of polar flee caps. When polar ice caps
melt, there will be a rise in sea level and a modi-
fication of the shoreline.

Regarding this problem, society Is :aced with
two choices. Fossil fuel rates can be allowed to

grow until impacts force a change. This involves a
ristc :since the :adverse effects will ,irobably persist
for long periodo of tame. The other course of
action is to modify fossil fuel usage to control the
severit y of th'. impacts. This would require earlier
usage of more costly renewable source energy sys-
ten, for which Solar-hydrogen esystems could play a
major role. This substitution Gould enable fossil
sources to be used under conditions which would
greatly reduce carbon dioxide emisoions (e.g.,
Table 1).
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Table 1. Markets for total energy/cogeneration

SUMMARY OF PROCESS HEAT DATA BASE BY INDUSTRY` AND PROCESS TEMPERATURE REQUIREMENTS

PROCESS HEAT APPLICATION TEMPERATURE
II-JUSTRY 1012Btu/VR REQUIREMENTS, V

MINING 129.00 250-2500
FOOD & KINDRED PRODUCTS 319.00 100-550
TOBACCO PRODUCTS 1.40 N 220
TEXTILE MILLS 116.00 200-275

LUMBER & WOOD PRODUCTS 172.00 212-300
FURNITURE 12.00 70-150
PAPER & ALLIED PRODUCTS 1,093.00 150-1900
CHEMICALS 534.00 80-2200

PETROLEUM PRODUCTS 2,640.00 250-1600
RUBBER 9.70 250-425
LEATHER 2.50 85-140
STONE, CLAY & GLASS 991.00 120-3300

PRIMARY METALS 3,770.00 100-2700
FABRICATED METAL PRODUCTS .03 130-850
ELECTRICAL EQUIPMENT 1.60 150-1700
TRANSPORTATION 24.00 250-2650

TOTAL	 9,815.00

*REF: INTERTECHNOLOGY CORP. 1974 SURVEY

Table 2. Potential for total energy /cogeneration

WASTE HEAT AMOUNT AND LEVEL FOR H 2 FUEL CELLS AND TURBINES

WASTE HEAT	 WASTE HEAT
% HHV OF H2	 TEMPERATURE OF

® FUEL CELLS	 H2/02	 H2/A I R
• AC I D ELECTROLYTE

e STATE OF ART	 5E	 53	 325 375
e FUTURE	 49	 53	 250	 (1)

• BASIC ELECTROLYTE
e FUTURE	 40	 48	 ROOM TEMPERATURE (1)

® MOLTEN CARBONATE-
SOLID OXIDE (2)

FUTURE	 53	 55	 1100 

s TURBINES	 40	 47	 ^ 55	 110 —770(3)

(1) JPL ESTIMATES
(2) FROM ATOMICS INTERNATIONAL
(3) BASED ON OPERATING CONDITIONS FROM NASA LeRC
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Table 3. Synfuels production

POTENTIAL SAVINGS VIA EXTERNAL SOLAR-HYDROGEN
(COAL-BASED PROCESSES)

CAPITAL COST
PROCESS	 COAL SAVINGS, %	 SAVINGS, %

(ALSO CO2 REDUCTION)

® KOPPERS-TOTZEK
(SNG)	 60	 35(1)

• SOLVENT REFINING
(SRC)	 8	 9

• 1. G. FAR BEN
(GASOLINE)	 50	 40-68(2)

(1) INCLUDES EXTERNAL OXYGEN SAVINGS OF - 31%
(2) RANGE BASED ON TECHNOLOGY STATUS

Table 4. Potential merchant oxygen market

PROJECTED CONSUMPTION, 109 SCF

PRESENT MARKETS 1972 1978 1985 2000

• STEELMAKING 251 289 342 488
• METAL FABRICATION 42 51 64 105
• CHEMICAL INDUSTRY 61 80 115 2380
• OTHER/MISCELLANEOUS 4 25 54 108

SUBTOTAL 358 05 575 939

NEW MARKETS

• WASTE WATER TREATMENT -- -- 41 2,190
• SYNFUEL/FEEDSTOCK PRODUCTION

LIQUID FUELS (SLF) -- -- 165 1,237
GASEOUS FUELS (SNG) -- -- 260 2,184

• DRINKING WATER PURIFICATION -- -- -- 61

SUBTOTAL -- °- 466 5,672

TOTAL 358 445 1,041 6,611
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Fig. 5. Solar-hydrogen production pathways
engineered solar collection systems
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SOLAR-CHEMICAL ENERGY CONVERSION AND STORAGE:

CYCLOHEXANE DEHYDROGENATION

Arthur S. Ritter, George B. Delancey,
James Schneider and Harry Silla

Department of Chemistry and Chemical Engineering
Stevens Institute of Technology
Hoboken, New Jersey 07030

Abstract

The concept of storing excess Thermal Energy as chemical bond
energy and the subsequent recovery of this energy on demand by utilizing
reversible catalytic chemical reactions shows great promise from an en-
ergy density point of view. In the intermediate temperature range (400-
SOO°F) the cyclohexane-benzene reaction appears to be the most appro-
priate. While this reaction has been extensively studied in the
exothermic direction. little useful design data exists for the endothermic
reaction. lie have studied the apparent kinetics of the qas-phase catalyt-
ic decomposition of cyclohexane to benzene in an internally recirculated
(gradientless) reactor over the temperature range 400-600°F. At low
space velocities (high conversions) a maximum of 0.2' of the product
formed in a single pass over a commercially available naptha reforming
catalyst is side products which may or may not be reversible. At high
space velocities, there are significant mass transfer limitations on
conversion. A test loop has been designed to enable us to study the
buildup of side products and catalyst activity behavior during long
term continuous cycling of the reversible reaction.
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INTRODUCTION

The collection and storage of thermal energy
through the destruction and reformation of chemical
bonds is an attractive cwrpetitor to the utiliza-
tion of sensible and latent heat effects as the
energetics of chemical reactions are considerably
more intense than the energetics of the latter two
processes. In addition, and equally important,
chemical energy storage offers the potential of
low storage volumes and thermally efficient storage
conditions at ambient temperatures. The basic
principles on which chemical energy storage and
transmission is based are broadly outlined in (1).
Es entially, the chemical energy storage-recovery
scneme we have developed involves a reversible
gas-phase catalytic reaction which is endothermic
in one direction and exothermic in the reverse
direction. The endothermic step is driven by a
source of excess thermal energy (e.g. solar) and
the products of the reaction are stored until such
time as the thermal energy is needed. Often it
will be economically justifyable to store the
reaction products at ambient temperatures since
the sensible heat required to raise the temperature
of the reactants up to the reaction temperature
will only constitute a small fraction of the
enthalpy of reaction. The presence of a catalyst
is necessary for the reverse reaction to proceed
so that the reaction products (and therefore the
chemical bond energy they contain) can be stored
indefinitely. Recovery of the thermal energy takes
place on demand by running the reverse (exothermic)
reaction over an appropriate catalyst. In a re-
versible reaction the products of the endothermic
reaction are just the reactants for the exothermic
reaction and vice-versa. The net result of this
cyclic process is the storage of thermal energy
during times when supply exceeds demand and re-
covery of the energy during times when demand ex-
ceeds supply. 4o net consumption of any of the
reacting species occurs over the cycle. Further-
more, it is not necessary that the collection and
utilization of energy take place at the same
location. For example, the endothermic reaction
(energy collection step) can be carried out at one
location (e.g. where sunshine is plentiful and
regular) and the reaction products shipped via the
existing natural gas and/or petroleum pipeline
distribution system to one or more users. At the
utilization site, the exothermic reaction (energy
recovery step) can then bE^ carried out and the
products of this reaction returned to the collec-
tion site, again, via the pipeline distribution
systems. This is the so-called "Chemical Heat
Pipe" concept (16).

Reaction Selection

A brief review of some of the reactions which
have been suggested and at least partially eval-
uated is given in table 1. Chemical systems which
have been proposed with the primary objective of
hydrogen production have not been included. The
emphasis here is on chemical storage cycles from
a more general point of view. Reactions suitable
for thermal storage applications fall into two
basic categories: catalytic and thermal decompos-
ition reactions (where the reactants and products
exist in different phases). Reactions in both of
these categories are susceptible to precise con-
trol which is required for efficient storage and/
or transmission operations. The proposed thermal
sources for all of these reactions are solar or

nuclear either via direct contact between the
thermal source and the reactive system or via an
intermediate heat transfer fluid. The primary
focus of attention has been on reactions whose
endothermic steps are operative in the temperature
range 600-900OF as higher temperature sources such
as gas cooled nuclear reactors (`1600 0F)of the
Pebble Bed Reactor (-20000F) will not be readily
available in the United States in the near future
(4). The object here is to address the question
of a suitable reaction which can absorb thermal
energy at approximately 600or and release this
energy at a temperature of 400OF which is suitable
for saturated process steam and electrical energy
generation.

In searching for a suitable reaction, atten-
tion was focused primarily on catalytic reactions
since such reactions very often exhibit hiqh
reaction rates which are important for the applica-
tions considered here and because this class of
reactions is very extensive and includes many of
the most energetic and thoroughly studied systems.
In addition, the survey was not limited to the
400-600OF range of interest since little additional
effort was required to include the high temperature
regime. An abbreviated version of the results of
a review of catalytic systems whose kinetics have
been studied is given in table 1. The full table
contains over 20 catalytic reaction systems which
show some ti.asure of potential for application to
solar-chemical conversion s ystems and which have
been studied to a sufficient degree that past
experience has shown them technically wnrthv of
consideration.

once the desired temperature range has been
selected, the choice from among the wide variety
of catalytic reactions will be governed by the
followinq general criteria:

1. The chemical capacity for energy storage
should be large, i.e. the enthalpy change for the
reaction should be large.

2. The system should exhibit significant
conversions at the temperature extremes to effect-
ively exploit the energy storage l,.rtential,
although in some cases it may br: nore economically
feasible to operate at lower conversions and re-
cycle the unreacted product. If a gas phase
reaction involves mole changes, as most do, the
pressure at the energy absorption and desorption
stages may be adjusted to snhan-e the equilibrium
conversions.

3. The catalyst, which may be different for
the reverse reaction, should be stable and inexpen-
sive.

4. The rate of reaction should be large to
minimize reactor volumes and heat transfer areas.
The reaction should not proceed to any significant
extent in the absence of the catalyst.

5. The selectivity of the catalyst in both
endothermic and exothermic directions should be
near iOV. However, side reactions which are
reversible and do not cause deactivation of the
catalyst cap be tolerated.

6. The reactants and products should be
economically stored at high energy densities.
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7. Inexpensive materials of constriction must
be available that will not be attacked by the
chemical species or act as unfavorable catalysts
for the reaction(s) involved.

These characterista:s are not independent and
must be weighed together in the final selection of
a catalytic reaction. Similar criteria have been
proposed by others (a) (11).

One of tree selection criteria requires the
calculation of an energy density for the reaction.
Since the reactions are reversible,the energy
density can be based on the reactants, entirely on
the products or some average of the two. 6onse-
Fluently in table 1, we present three different
forms of the energy density. The first, e , is
based entirely on the reactants. The second, e
is based on the products: while the third, e t , Qs
based on the average and is given by:

1	 _ 1	 + 1

et 

n 

er	 ep

The value of e  (for example) was calculated as:

(-©NR)
e

P	 g	 vi

productstlioi

(-®H R ) - enthalpy change for the reaction

v i 	- stoichiometric coefficient of
species i

o f	density of species i

090F), the hydrogenation of benzene appears to he
the cost appropriate. The r.:ost popular catalyst
for the exothermic direction appears to be the N
catalysts, although others are available (2).
The reverse reaction can be catalyzed effectively
with industrial reforming catalysts as well as
carbides, silicates and sulphides of carbon (8).
It should be noted that although the density for
energy storage is large, the density would be
appreciably increased if the hydrogen were stored
in the hydride form (10) (15).

tie have chosen to concentrate our efforts in
the intermediate temperature ranqe (400-6000F).
In particular we believe that the benzene hydro

-genation-cyclohexane dehydrogenation reversible
catalytic reaction is the vehicle by which the
chemical energy storage concept can be most readily
demonstrated on a commercial scale. Some of the
reasons for this position are qiven in (12). The
primary technical questions that are associated
with the current proposal lie in the reactor tech-
nology associated with the cyclohexane dehydrogen-
ation reactor (energy collection step) and the
possibility of detrimental side reactions concom-
mitant to the dehydroqenation step. On the other
hand, the technology for the benzene hydrogenation
step (energy recovery) is well known and readily
available on a commercial scale (18).

With respect to the dehydrogenation reactor,
one must investigate the nature of the procedures
required to effectively provide transient operation
as opposed to the steady state technology that is
available in the chemical industry. Start up and
shut down algorithms must be developed. Such an
investigation is most appropriately done computa-
tionally in the preliminary sta ges with engineering
models of the reactor.

The somnation was taken over the reactants
the calculation of e . The energy densities are
calculated for the storage conditions listed
beneath the products and reactants. All species
are assumed to be stored, stoichiometrically, at
3000K. Gases are supposed to be compressed to
100 atm.

for	 The chemical aspects of the dehydrogenation
step must be investigated experimentally. The
results of a preliminary investigation in this
laboratory are presented below.

KINETIC STUDY OF C6 H12 DEHYDROGENATION

Based on this and other information concerning
the availability of catalysts and kinetic data, we
can conclude that the following reactions show the
most promise for successful application to chemical
energy storage and conversion systems.

In the high temperature range (10009F-1500oF),
the oxidation of sulphur dioxide is the most appro-
priate. The kinetics of this reaction have been
thoroughly studied (17) in the exothermic direction.
Also, considerable process technology has been
accumulated (3). The high energy densities are
both due to the condensation temperatures of the
sulphur oxides and low stoichiometric coefficient
for oxygen. This reaction has been considered
for energy storage by several investigators (1)
(9) (14). A recent study in this laboratory (6)
has indicated a pronounced hysteresis phenomenon
in the temperature - conversion history of this
system which must be studied further. However, it
appears that , for this case, the hysteresis
phenomenon is beneficial rather than detrimental
from an energy storage point of view.

In the intermediate temperature range (400oF-

Flow System

We have measured the kinetics of the cyclo-
hexane deoydrog-nation reaction in the temperature
range 40&F-7565F over a commercially available
naptha reforming catalyst (RD 150) manufactured
by Englehard Industries in a fully instrumented
internally recirculated (gradientless) stirred
tank reactor built by Autoclave engineers. A
schematic diagram of the experimental system is
shown in figure 1.

Cyclohexane feed is introduced into the re..
actor by means of a Harvard constant infusion
syringe pump. This is a positive displacement
pump that provides very precise control of flow-
rate over the range 0.025-38.2 ml/min depending on
the size of the syringe used and the speed select-
ed. A double syringe model is used along with a
3-way ball valve arrangement to insure virtually
continuous precise flow of the cyclohexane feed
to the reactor. The calibration of the pump has
been checked at all speeds using a graduated
cylinder and stopwatch. The reactor has a one
gallon working capacity. The catalyst is su pport-
ed in a cylindrically shaped bed appropimately
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5.8 cm in dia-ne ster by 13.0 cm long located on the
axis of the fan. The catalyst bed is an integral
part of the fan system which is designed to cir-
culate the gas phase through the catalyst bed to
insure intimate contact between the gas and cata-
lyst. A rheostat allows the fan speed to be ad-
justed over the range 1000-2100 rpm. The speed is
measured by means of a strobe tachometer. Two
thermocouples located 2.0 from the top and 2.0 cm
from the bottom of the catalyst bed allow us to
monitor the temperature change across the bed.
The location of these thermocouples can be adjusted
to monitor the temperature at any two points along
the catal yst bed. Temperature control is provided
by means of three 650 watt resistance heaters
V)cated around the reactor. The three heaters pro-
vide ;ndependently regulated zones of heat at
the top, middle and bottom of the reactor. All 3
heaters are used for startup, while only the bottom
heater is generally required for temperature con-
trol during operation. The reactor is well insu-
lated and the temperature variation is usually less
than ± 0.50F during a run. The pressure in the
reactor is controlled manually by means of a needle
valve and pressure gauge on the outlet line. The
data in these studies were taken at a constant
reactor pressure of 2.0 psig. The outlet from the
reactor is split into two streams. The major part
is passed through a total condenser. The cooling
water for the condensor is grovided by a refriger-
ation unit operating near 0 C (although capable of
going to -10 C with the use of a heat transfer
fluid such as Dovithprm) The condensed product
(benzene and cyclonexane) is collected in glass
containers and disposed of in a safe manner. Non-
condensibles (mostly hydrogen saturated with
benzene and cyclohexane vapors at O°C) are vented
through the laboratory hood system. A small
portion of the outlet stream is piped directly to
a Hewlett-Packard 5830A computer controlled gas
chromatograph equipped with a heated, automatic,
programmable gas sampling valve. The detector is
a hydrogen flame ionization unit and excellent
separation of benzene and cyclohexane is achieved
by a 1/4" x 6 ft. column packed with carbowax.
The chromatograph is calibrated both for concentra-
tion of cyclohexane and benzene and total sample
size by injecting known amounts of carefully pre-
pared mixtures of benzene and cyclohexane. A
correction for sample size is required since at
high conversions, large volumes of hydrogen are
present in the product stream along with the cyclo-
hexane and benzene. The hydrogen essentially acts
as a diluent when the sample passes through the
hydrogen flame ionization detector. The computer
on the chromatograph automatically computes the
total areas under all the curves (related to sample
size) as well as the fraction of the areas under
each curve. It should be emphasized that the ex-
perimental apparatus are flexible enough so that
the kinetics of many gas phase catalytic reactions
can be readily studied with only minor modifica-
tions to the system.

Experimental Procedure and Data

At the end of each days operation the flow
system is thoroughly flushed with nitrogen and
left overnight under a slight nitrogen positive
pressure for safety. To start operation, the
system is first brought up to the desired operating
temperature, the nitrogen is shut off and cyclo-
hexane feed is introduced at a liquid flowrate of
about 2.75 ml/min to flush the reactor. After

approximately 5 residence times of flushing (®25
nin.),the cyclohexane flowrate is adjusted to the
desired experimental value. Conditions of temper-
ature, pressure and flowrate in the reactor are
maintained constant until the concentration of
benzene leaving the reactor (as indicated on the
gas chromatograph) reaches a constant value. The
rule of thumb is to, wait at least 5 residence
times after any system changes have been made to
insure that a steady-state condition has been
reached.

The feed to the reactor is reagent grade
cyclohexane. As each new bottle of cyclohexane is
opened, its purity is checked by running several
samples through the chromatograph. Occasionally
trace quantities of toluene and other impurities
are detected in the cyclohexane. The naptha re-
forming catalyst is in the form of pellets approx-
imately 1/16" D x 3/16" L. The catalyst is weigh-
ed and loosely packed into the cylindrically
shaped bed support. Layers of glass beads of
several different sizes are randomly interspersed
With the catalyst pellets to fill the unused
portion of the bed with inert material and provide
a matrix to insure adequate flow in and around each
catalyst pellet and throuqh the bed. Before each
new set of runs the catalyst is activated by a
nitrogen flush (to eliminate any ox^rgen present)
followed by a hydrogen purge at 9009F for 2 hours.
The catalyst activity is checked at the beginning
and end of each set of runs by duplicating a high
conversion (>90%) data point at 600 OF and compar-
ing the conversion with the convers+on obtained
when the catalyst was fresh. We have used the
same batch of catalyst over the past year and a
half, including over 2 dozen reactivations and
many start ups and shut downs (temperature cycling)
As far as we can tell the catalyst activity has
remained constant.

At each temperature and feedrate (space
velocity), the reactor is run at several different
agitator speeds to determine the effects of exter-
nal mass transfer on the conversions. Figure 2
shows the results for several flowrates at 600oF.
One can see that at low space velocities, where
conversions close to equilibrium are obtained,the
external mass transfer can keep pace with the
(relatively low) reaction rate. However, as the
space velocities are increased and the reaction
gets farther from equilibrium, the external mass
transfer can't keep pace with the (relatively
rapid) reaction rate and so the mass transfer
effects limit the observed conversion. Under these
conditions the conversion becomes a function of the
agitator speed and the "true" conversion must be
obtained from the data by extrapolation to infinite
agitator speed (elimination of external mass trans-
fer effects). Figure 3 is a plot of the conversion
of cyclohexane obtained over a range of space
velocities, with temperature in the range 500-75OPF
as a parameter. Figure 4 is even more descriptive
in that it shows the reaction rate times the space
velocity - vs - conversion at each temperature.
The data in figure 4 clearly point out the effects
of mass transfer limitation. The dashed line is
data taken at 600OF at low agitator speeds. The
data at each temperature approach the calculated
equilibrium values at low space velocities.
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By Products

At high conversions flow space velocities) and
at temperatures above 540 F at 2 psig, several side
products are produced along with the benzene and
hydrogen over this catalyst. The total amount of
these products is never more than 0.21 in a single
pass through the reactor and is generally <0.1
except at the most severe conditions. Using a
chemical ionization mass spectrometer (CI'iS) we
analyzed the components in the vapor phase leaving
the condensor for one run at 600OF and a space
velocity of 0.029 moles cyclohexane/g-catalyst-hr.
The major side product has clearly been identified
as toluene. Based on the gas-chromatograph data,
when side products are produced, toluene consti-
tutes somewhere between 60-10010 of the side product
formation. We have not, as yet, identified the
remaining side products, although there is some
evidence that methylcylopentane may be present.
However, this molecular weight is masked on the
CI'4S by the presence of cyclohexane. A peak at
molecular weight 54 corresponds to 1 or 2 butene or
might correspond to one of the fragmentation pro-
ducts produced in the spectrometer. Similarly,
the presence or absence of C to C 4 hydrocarbons
in the product stream is masked by the fragmenta-
tion products of the spectrometer. Accordingly, we
have ordered some pure methylcylopentane and 1 and
2 butene. tie will introduce these into the gas
chromatograph and compare their retention time on
the chromatograph column with our unknown peak.
Similarly we have ordered a chromatograph column
which will allow us to separate the C 1 to C4
hydrocarbons to see if any are present in our pro-
duct stream. It should be noted that toluene is
reversible and methylcyclopentane is not reversible
to cyclohexane over a suitable catalyst (13).

Table 2 summarizes the chemistry of the cyclo-
hexane decomposition reaction as vie have been able
to determine it to date.

FUTURE PLANS

The questions we plan to answer in the next
phase of our study center around the behavior of
the system under long term cycling. In particular
we must ascertain whether or not the side products
produced are reversible and if not whether or not
they reach an acceptably low equilibrium value under
long term cycling. We must also study the behavior
of the catalyst(s) under long term cycling to see
what effects there are on such parameters as cat-
alyst activity and attrition.

Accordingly, we have designed a test loop to
study these and related questions. A schematic
diagram of the test loop is shown in figure 5. The
major pieces of equipment in the loop have been
sized and will be purchased in the near future.
This loop will allow us to continuously cycle the
cyclohexane, benzene and hydrogen over both the
refoming catalyst and a hydrogenation catalyst.
Periodic sampling of the product streams in each
loop and the catalyst beds should allow us to ans-
wer some of the questions posed above. The loop
was designed on the basis of a hydrogen flow of 1
SCFM with a hydrogen surge-storage capacity of 10
minutes (1 ft , 34 atm). The cyclohexane and
benzene liquid flowrates were sized at a nominal
value of 60 ml/min. with 10 gal. feed tanks. Ex-
cept for the hydrogen compressor, the test loop will
fit in one corner of our research laboratory (10 x

12 ft).

A second set of questions we expect to answer
over the next year concerns the behavior of cyclo-
hexane decomposition reaction at high pressure
(up to 500 psig). Because hydrogen is produced in
the de.omposition reaction, higher pressures will
tend to shift the equilibrium to lower conversions
(hence lower energy storage capacities). However,
for chemical heat pipe applications, it is desir-
able to operate the collector at higher pressures.
This means increasing the operating temperature to
compensate for the higher pressure. We also know
that at higher temperatures greater quantities of
the side products are produced and there is also
the possibility of thermally crackinn the benzene
molecule. The answers to these and other questions
related to the catalyst stability at the higher
temperature and pressures will be pursued over the
next year.

Finally, we have develo ped a mathematical
model which describes the transient behavior of a
gas phase catalytic reactor dedicated to the col-
lection of thermal energy. The results have been
reported previously (12). The model will prove
useful in simulating startup, shutdown and in
developing control alqorithms for chemical energy
storage systems. The model is being modified to
take into account the mass transfer limitations we
have observed in the cyclohexane decomposition
reaction. Over the next several months we expect
to develop the model to the point where we are
able to simulate the transient behavior : the
collector reactor in the test loop under varying
conditions of startup, shutdown and changes in the
thermal energy flux reaching the reactor.
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Fig. 5. The experimental flow system for studying long term cycling of
the cyclohexane-benzene system
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SYSTEM EVALUATION OF SUPPLEMENTING
NATURAL GAS SUPPLY WITH HYDEGGeN

W. S. Ku
Public Service Electric and Gas Company

Newark, New Jersey

Abstract

The production of hydrogen by electrolysis
using excess energy available from base-load
electric generating units provides one potential
means of supplemental future dwindling natural
gas supply. Advanced electrolyzes technology
now in the research stage was applied for the
evaluation. A maximum of 158 volume blending
of hydrogen was assumed. No hydrogen storage was
applied. The results indicate that electrolytic
hydrogen could become economically competitive in
the 1990-2000 period with high-cost supplemental
natural gas supply.
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Introduction

With the natural gas supply picture
becoming increasingly critical for
future years, alternative technologies
are being explored to provide supple-
mental gas supplies. One such potential
means would be to blend hydrogen with
natural gas if hydrogen could be econo-
mically produced.

Public Service Electric and Gas Company
(PSE&G) under a contract with Associated
Universities, Inc. and U. S. Energy Re-
search and Development Administration,
has completed a system evaluation study
to investigate the economic potential of
supplementing natural gas with hydrogen
produced by electrolysis. The major
objectives of the study are:

1. To determine the amounts and
associated costs of off-peak electric
energy available in typical electric
utility systems that could be
utilized for producing hydrogen.

2. To determine tk-e economic competi-
tiveness and feasible extent of
utilizing electrolytic hydrogen
in a "companion" gas utility system.

Study Scope and Guidelines

1. Selected Test Utility Systems - Four
electric-gas utility system pairs
were selected for the study. These
systems are either of combination
company or of two different utilities
serving a common	 territory and
represent different geographical
regions: A. Mid-Atlantic, B. Midwest,
C. Northeast, D. Pacific Coast.

2. Basic Concept of Producing Electro-
lytic Hydrogen - The principle con-
cept of making hydrogen from elec-
trolysis is to utilize	 excess
energy available from base-load
electric generating units during off-
peak periods. The base-load units
are those with lower fuel costs and
are expected to be operating around
the clock delivering full-capacity
energy output during most of these
hours. In future years nuclear and
coal-fired steam units are general-
ly classified as base-load
generation. The off-peak periods
cover those weekday hours from late
evening to early morning and most of
the hours during weekends when aver-
age electric demands are substantial-
ly lower.

3. Electrolyzer Technology - Advanced
electrolyzes technology, such as the
General Electric's solid polymer
electrolyzer concept, was considered
as the basis for this evaluation.
Based on the ERDA gu'idel'ine, such
electrolyzer was assumed to require
a capital cost of $1S0/kw (1975
dollars), including power conversion

and substation equipment, supervisory
control, electric, gas and water
connections, and installation. . It
has an efficiency of 908 and an
and an average life of 20 years.

4. Hydrogen Blending - The companion
investigation undertaken by PSE&G
for ERDA revealed that with a 108
volume blending no problems are
apparent. With a 15 to 208
blending, some modifications of gas
burners appear required . For the
purpose of this system evaluation
study, a more conservative maximum
permissible blending level of 158 was
used.

S. Hydrogen Storage - One of the ERDA
guidelines was not to consider the
use of hydrogen storage in this
study. Without storage, hydrogen
produced electrolytically must be
injected directly into the gas dis-
tribution system for immediate
utilization. '

6. Study Period - The period chosen for
the study was 1985 through the year
2000.

Electric and Gas System Evaluation

1. Electric Phase

The electric load demand of a utility
system varies from hqur to hour, day
to day, and season to season. Most
utility systems now experience its
annual peak demands during the summer
season. Figures 1 and 2 show re-
spectively the average summer and
winter week load curves of a repre-
sentative electric utility system.

The amount of base-load generating
capacity installed will determine the
extent of excess energy available
from the base-load capacity during
off-peak periods. Figures 3 and 4
illustrate this relation. For simpli-
city the available base-load genera-
tion is shown as a common straight
line in both figures. The actual
available amount of base-load genera-
tion in each week is determined by
probabilistic analysis taking into
account forced and maintenance
outages of various units. The
excess amounts of base-load energy
available each hour can then be
determined.

Table 1 shows the amounts of
installed base-load capacity, in
percent, of the four test systems.
Table 2 shows the calculated total
excess base-load energy expressed
as a	 percent of total energy
produced in that system.
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2. Gas Phase

Similarly the gas demand of a utility
system also varies continuously. The
annual peak demands generally occur
in winter. Figures 5 and 6 show
respectively the average winter and
summer week load curves of a repre-
sentative gas utility system.

Based on the designated maximum volu-
ume blending of 158 hydrogen, the
amount of hydrogen that can be
absorbed hourly into each test system
can be determined. If the selection
of the overall electrolyzer capacity
is based on the amount of hydrogen
that can be absorbed during the
minimum gas demand period of the year
because of lack of storage, then the
actual amounts of blending during
other time periods will be substan-
tially less. Tables 3 and 4 show
respectively the average percents of
hydrogen blending and associated
electric energy utilized for the
testing systems A and B.

The reason that only the results of
two of the four test systems are
shown is because the evaluation re-
sults of Systems A and B appear to be
more meaningful. The other two sys-
tems did not provide sufficient
future-system data and essentially
all their excess base-load energy
would be from non-nuclear units as
indicated in Table 2.

3. Economic Evaluation

In determining the economic competi-
tiveness of hydrogen supplementation
against other forms of supplemental
gas supply, the hydrogen cost based
on the lowest fuel cost of available
excess energy, namely nuclear, should
be compared first with the highest-
cost supplemental natural gas supply,
such as naphtha-derived synthetic
natural gas (SNG). Coal-fueled elec-
tric energy should be considered next
and will increase the volume of
hydrogen produced but also the aver-
age electric energy cost for
producing such hydrogen.

Tables 5 and 6 show respectively the
cost comparison between electrolytic
hydrogen and supplemental natural
gas supply for the test systems A and
B. For the Mid-Atlantic system
(System A), an annual escalation rate
of 48 was applied for both electric
system fuel and SNG costs. For the
Mid-western system (System B), an
escalation rate of 48 was used for
electric fuel costs and 78 for natu-
ral gas cost.

Summary

1. Adequate amounts of excess electric
energy are expected to be available

from base-load generating units of
electric utility systems during off-
peak periods for producing hydrogen
by electrolysis which can be effec-
tively utilized by their companion
gas systems. However, the actual
availability must take into account
such energy uses by other forms
of energy storage. Also, economics
may justify only the utilization of
that portion of available off-peak
energy from the lowest fuel-cost
units, such as nuclear.

2. The amount of excess energy available
from base-load generation is a func-
tion of the relative amount of this
installed base-load capacity as a
percentage of total installed capaci-
ty of a system. Generally, this
base-load level is in the order of
50 to 608. With such a level, the
excess base-load energy is available
during off-peak periods only. On the
other hand, if the base-load capacity
level is raised to 808 or higher,
then certain excess base-load energy
would also be available during cer-
tain heavy-load time periods, resul-
ting in more electric energy avail-
able for making hydrogen during more
hours of each day.

3. About 35 to 508 of all excess base-
load energy is available on weekends.
Therefore without the application of
hydrogen storage, a major portion of
this electric energy could not be
utilized for. producing hydrogen.

4. Electrolytic hydrogen may become
economically competitive in the 1990-
2000 period with SNG on other forms
of high-cost supplemental gas supply.
Much will depend on:

(a) A breakthrough in electrolyzer
technology particularly with
regard to cost and efficiency,

(b) the extent of base-load electric
generation in nuclear capacity,
and

(c) the future cost escalation of SNG
or other forms of supplemental
gas supply, with respect to the
cost escalation of electric gen-
eration fuels.

Acknowledgments

The author would like to acknowledge the
valuable contributions provided by the
following PSE&G personnel who partici-
pated in this study: D. C. Nielsen,
J. 2emkoski, D. L. Leich, P. Yatcko,
J. M. Torres and G. P. Gaebe (formerly
with PSE&G).

248



TABLE 1

BASELOAD CAPACITY MIX
IN PERCENT OF TOTAL INSTALLED CAPACITY

COAL OIL TOTAL
(1) (11 1 (1)

16 15 63
13 4 56
11 3 59
9 1 58

36 0 81
38 0 85
39 0 89
40 0 90

52 0 86
40 0 89

6 17 46
11 14 56
a •

NUCLEAR
SYSTEM YEAR (1)

A 1985 32
1990 39
1995 45
2000 48

B 1985 45
1990 47
1995 50
2000 50

C 1985 34
1990 49
1995
2000

D 1985 23
1990 31
1995 i
2000

*System data unavailable for study

TABLE 2

TOTAL ANNUAL BASE-LOAD OFF-PEAR
SPINNING RESERVE ENERGY

PERCENT OF TOTAL
SYSTEM ENERGY AMOUNT PERCENT BY TYPE

SYSTEM YEAR REQUIREMENTS Gwh NUCLEAR COAL OIL

A 1985 11.4 4,918 0 25 75
1990 9.5 4,942 13 58 29
1995 11.4 7,278 28 52 20
2000 10.1 7,872 40 50 10

B 1985 31.4 34,700 6 94 0
1990 37.0 54,938 7 93 0
1995 40.7 81,229 8 92 0
2000 43.3 116,099 6 94 0

C 1905 31.1 5,285 0 100 0
1990 41.2 8,530 5 95 0
1995
2000

D 1985 0.4 461 0 0 100
1990 2.4 3,405 0 3 97
1995 ' •
2000 * • • +

*System data unavailable for study
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TABLE 3

STATUS OF ELECTROLYTIC HYDROGEN PRODUCED

(MID-ATLANTIC SYSTEM)

YEAR BLENDING

1985 1.6
1990 2.0
1995 3.0
2000 2.9

ELECTROLYZER
LOAD FACTOR

42

60
60

d OF TOTAL
AVAILABLE
OFF-PEAK BASE-
LOAD ELECTRIC
ENERGY USED

7.3
9.7

10.7
10.0

TABLE 4

STATUS OF ELECTROLYTIC HYDROGEN PRODUCED

(MIDWESTERN SYSTEMS)

Electrolyzer n of Total Available
Load Factor 0£f-Peak Base-Load

Year Blending Electric Energy Used

1985 1.7 37 1.8
4.6 100 5.0

1990 2.1 45 1.4
4.6 100 3.2

1995 2.3 50 1.1
4.6 100 2.2

2000 2.2 48 0.7
4.6 100 1.5

# Utilizes nuclear only
Utilizes nuclear and coal

250



TABLE 5

COST COMPARISON BETWEEN ELECTROLYTIC
HYDROGEN AND SYNTHETIC NATURAL GAS

(MID -ATLANTIC SYSTEM)

PRODUCTION HYDROGEN AND SNG COSTS
FACILITY ($/DEKATHERM)

1985 1990 1995 2000

Electrolyzer 13.25 12.75 13.50 14.75
(35% to 65%
Load Factor)

SNG Plant 7.30 9 . 30 12.00 15.50
(501S Load Factor)

1 Dekatherm = 1 million Btu

TABLE 6

COST COMPARISON BETWEEN ELECTROLYTIC HYDROGEN AND SUPPLEMENTAL

NATURAL GAS SUPPLY

(MID-WESTERN SYSTEM)

Production Hydrogen and Natural Gas Costs
Facility ($/Desatherm)

1985 1990 1995 2000

Electrolyzer
(35 to 50o*
Load Factor) 8.80 8.60 9.40 10.90

(100 Load Factor**) 7.20 8.20 9.90 12.50

Supplemental
Natural Gas
Supply 7.40 11.00 16.90 22.50

1 Dekatherm - 1 million Btu

*Utilizes nuclear only. The load factor increases from about
35% in 1985 to about 50% by 1995-2000.

*Utilizes nuclear and coal
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FIGURE 1. SUMMER TYPICAL ELECTRIC LOAD CURVE
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FIGURE 2. WINTER TYPICAL ELECTRIC LOAD CURVE
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FIGURE 3. SUMMER TYPICAL ELECTRIC LOAD CURVE
(WITH EXCESS OFF-PEAK ENERGY SHOWN)
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FIGURE 4. WINTER TYPICAL ELECTRIC LOAD CURVE
(WITH EXCESS OFF-PEAK ENERGY SHOWN)
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FIGURE 5. WINTER TYPICAL GAS SENDOUT
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FIGURE 6. SUMMER TYPICAL GAS SENDOUT
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HYDROGEN FROM FALLING WATER:
ASSESSMENT OF THE RESOURCE

AND CONCEPTUAL DESIGN PHASE

William J. D. Escher
Institute of Gas Technology

Chicago, IL
and

James P. Palumbo
Pennsylvania Gas & Water Company

Wilkes-Barre, PA

Abstract

A unique opportunity to develop a supplemental
solar-hydrogen gas energy system presents itself
in the many small, presently unused hydropower
facilities in the United States. As opposed to gen-
erating conventional electricity, turbine-generators
would be directly coupled to water electrolyzers
for the production of hydrogen and oxygen. There
appear to be significant advantages to this approach
from the standpoint of delivering energy via a dis-
tribution system to the end user.

At present, an assessment of the falling water
resource in terms of hydrogen energy potential
is being conducted for the U.S Northeastern states.
Conceptual design efforts on the energy conversion
station are also being carried out. If these initial
results are favorable, the construction of an oper-
ating falling water to hydrogen energy cunversion
facility would be in order. Such a station might
sere as a flexible R&D facility for further develop-
ment of this approach at achieving new energy
supplies from inexhaustible resources.
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Introduction

In recent months, there has bc,;r. expressed a
great deal of interest in the potential of harnessing
presently undeveloped or unused hydropower as a
clean, domestically-available source of energy (1, 2).

A special 3-month study was carried out at the
request of the Administration ' y the Corps of Engi-
neers which estimated that 159.3 kWh of hydropower
annually is potentially available from such sites (3).
Additionally, assessments have been, and are being
made, at the state level.

Emphasis so far has been on generating conven-
tional electricity, i.e. synchronized 60 Hz alterna-
ting current compatible with the electric utility grid.

Another approach, under investigation by the
Institute of Gas Technology and Pennsylvania Gas &
Water Company, sponsored by the U.S. Department
of Energy, provides for the conversion of the work
of falling water to hydrogen using water electrolysis.
Because hydrogen is storable and, as a chemical
energy form, flexibly applied to many use sectors,
this concept may prove advantageous in capitalizing
on the availability of such hydroposer resources as
a complement to conventional electricity generation.

Objective of the IGT/PG&W Study

Presently IGT and PG&W are carrying out a
4-month "Phase 0" step which is proposed to be
followed up with further efforts, potentially lead-
ing to the development of a pilot facility useful for
research and development of hydrogen from falling
water.

The purposes of the present effort are primarily
two-fold:

(1) To assess the total undeveloped
resource in terms of hydrogen
energy production in the 9 North-
eastern states of the U.S.

(2) To a t / concept- level", characterize in
technical and economic terms the
hardware systems which will be
required for the production of hydro-
gen from small falling water resources.

The results of the effort are scheduled to be
reported early in Calendar Year 1978.

Technical Concept

The essence of the technical concept being pur-
sued is shown in the functional block diagram of Fig-
ure 1.

As shown in the figure, the energy of falling
water (which is a function of water mass flow rate
and differential pressure or head) is extracted in
a water turbine. The resulting shaftpower operates
an electrical generator, which, however, may be
rather different from that used in conventional
hydropower systems since it is used to power an
electrolyzer as opposed to being fed into the utility
grid. Fvr example, it could be advantageous to
use a do generator which might be directly inter-
faced with the electrolyzer. Such might signific -
antly reduce the equipment cost as well as avoid
efficiency losses in rectification and power con-
ditioning of ac power.

Feedwater provided to the electrolyzer, and
the power input, produce hydrogen and oxygen gas.
The hydrogen is shown to be delivered to the energy
using sectors, and the oxygen as a coproduct.

In the particular example shown,in which the
falling water derives from an upper reservoir and
is to be used for municipal water supplies, such
ultimate usage of the water is indicated. In such
systems, which are illustrated by a number of
reservoirs in the PG&W service area, the press-
ure "energy" is lost, sometimes intentionally in
pressure regulator statiuns.

As to end-use of the hydrogen, a number of
possibilities present themselves. Generally, there
has been emphasis on "local use" of the energy
product:

Natural Gas Supplement

Straight Hydrogen

Industrial gas use (non-fuel)
Direct fuel gas for residences

#1 	 It
	 industries

Transportation fuel

Proje^t Status of I November 1977

Work to date has focused mainly on the assess-
ment of the falling water resource in the Northeast,
with PG&17 taking the lead. Telephone contacts and
meetings have been held with representatives in all
the states being canvassed. Documentation, not in
hand at the beginning of the project (when it was first
proposed),is being gathered from both federal and
state organizations. Generally, more information
than first supposed is proving to be available. Con-
sequently, emphasis is now being applied to the cat-
aloging step. IGT is providing its electronic data
processing facilities to this task.

IGT, assisted by PG&W who carried out initial
contacts, is surveying the applicable equipment
manufacturers in support of the conceptual design.
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Preliminary Summary off Findangs 	 tying the small hydro-energy resources into
the distribution system. primarily a conse-

rollowing are some of the Project's initial	 quence of hydrogen's storability.
findings-

(1) The data-base on the falling water resource 	 These preliminary findings are being; followed
is fairly expansive, but definitely of uneven 	 up at present with results to be presented in the
quality and quantity from region to region.	 Project report early in Calendar Year 1975.

(2) Electronic data processing appears to be
an appropriate way to catalog the data so that
it will be readily available for specific use.

(3) As anticipated, we have found no manufact-
urers of equipment oriented to this application;
this suggests the need for a special systems in-
tegration effort in which component suppliers
are consulted in an iterative manner.

(4) There do appear to be significant advant-
ages for hydrogen (vis-a-vis electricity) in

Reference

1. Lilienthal, D. E.. "Energy from Waters,
New York Times, December 1976

2. Christiansen, D. , "Water Over the Dam,"
JEEE Spectrum 14, No. 2, February 1977

3. Anon. , " Estimate of National Hydroelectric
Power Potential at Existing Dams," U.S.
Army Corps of Engineers, July 20, 1977

FEED
WATER OXYGEN

ENERGY OF
	

(PURIFIED) (CQPRODUCT)
FALLING WATER

SHAFTPOWER	 ELECTRICITY

WATER	 ELECTRICAL	
ELECTROLYZER

I	 TURBINE	 GENERATOR

HYDROGEN

T	 ^ ^
9
1

1
I
1
I
I

1	 CSTORAWI
1
1
I
1

MUNICIPAL WATER
SUPPLY

DISTRIBUTION
	 UTILIZATION

• RESIDENTIAL
*COMMERCIAL
• INDUSTRIAL
• TRANSPORTATION

Figure 1. SYSTEM TECHNICAL CONCEPT
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HYDROGEN GNGINK/STORAGE SYSTEM -- APPLICAY1 ®N STWIES

A. M. Karaba and T. J. Pearaall

Teledyne Continental Motors
Muskegon, Michigan 49442

ABSTRACT

The study addressed the unique problems associated with the storage
and use of hydrogen. Criteria were established for evaluating potential
applications, and a near-term candidate was selected and performance
predictions were made. A hydride bed design was proposed, and engine
modifications were outlined.

The costs to own and operate a hydrogen ueled engine were analyzed,
and it was concluded that early applications will require incentives other
than economic. Several practical problems need to be addressed now. An
expansion of the present effort, including development of both components
and integrated systems, was recommended.
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PROGRAM ORJECUE

IDENTIFY AND DEFINE

AN ATTRACTIVE EARLY VEHICLE APPLICATION FOR A
METAL-HYDRIDE STORAGE SYSTEM COUPLED TO A
HYDROGEN FUELED PISTON ENGINE.

Contract No. 412123-S
Duration: July 1977 to November 1977
Contracting Organization: Brookhaven National Laboratories
Contractor: Teledyne Continental Motors General Products Division
Project Officer: Mr. Matt Rosso, Jr.
Principal Investigators: Messrs. A.M. Karaba and T.J. Pearsall

PROGRAM ELEMENTS

1. REV;EW BACKGROUND INFORMATION

A. ENGINE TYPES
B. HYDRIDE TYPES
C. SAFETY ASPECTS

2. ESTABLISH FUELING REQUIREMENTS

3. IDENTIFY AN EARLIEST APPLICATION

The study adJoessed practical methc:-3s of dealing with the unique
problems of Me storage, engine, anz) safety aspects of a near term
Installation.
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STUDY RESULTS (GENERAL)

1. NEAR TERM APPLICATIONS MUST RELY ON LOCALLY
GENERATED HYDROGEN

2. ELECTROLYTICALLY GENERATED HYDROGEN IS CONSIDERED THE
ONLY PRACTICAL. NEAR TERM SYSTEM

3. APPLICATIONS THAT CAN BENEFIT FROM THE LOWER INDUSTRIAL
ELECTRICAL RATES APPEAR MOST ATTRACTIVE

a. INCENTIVES OTHER THAN ECONOMIC ONES WILL ESTABLISH THE
FORST SERIOUS APPLICATIONS

Teledyne Continental Motors General Products Division concludes that no
near term application can rely on a low cost hydrogen source. Local
generation electrolytically would favor industrial plants where electrical
rates are typically 60 to 80 percent of residential rates. The higher fuel costs
of H2 mean that motivations, such as low emissions must provide the
Incentive for conversion.

EVAEUA110H OF CANDIDATES

1. 2. 3. 4. S.

Teledyne Continental Motors General Products Division established five
criteria for evaluating potential applications. No candidate met all five
criteria. The diffusion space criteria was weighted law because of the
"enclosed" storage and control system to be employed. On that basis, the
Industrial lift truck appeared the most attractive.

ECOlIOfACOR	 GOOD	 CONSISTENT	 DIFFUSION
WEIGHT IS	 EN1fIROFIiEHTAL	 FLEET	 WITH CENTRAL	 SPACE

AN ADVANTAGE	 BENEFIT DERIVED	 SIZE	 FUEL STATION	 AVAIR.A!!LE

SWEEPERS	 SWEEPERS	 SWEEPERS
LOADERS	 [IN-PLANT)	 [IN-PLANT)
AGRICULTURAL	 AGRICULTURAL
TRACTORS	 TRACTORS
RACK HOES	 BACK HOES
ROLLERS	 ROLLERS
SCRAPERS	 SCRAPERS

LIFT TRUCKS	 LIFT TRUCKS	 LIFT TRUCKS	 LIFT TRUCKS
CRANES	 CRANES
SHOVELS	 SHOVELS

OFF-HIGHWAY	 OFF-HIGHWAY
EQUIPMENT	 EQUIPMENT

DV6lVcRY VANS	 DELIVERY VANS DELIVERY VANS 	 DELIVERY VANS
MAIL TRUCKS	 MAIL TRUCKS	 MALI TRUCKS	 MAIL TRUCKS

iU1100ZC1'w	 BULLDOZERS
TAXICABS	 TAXICABS	 TAXICABS	 TAXICABS
GOLF CARPS	 GOLF CARTS	 GOLF CARTS
URBAN CAR	 URBAN CAR
URBAN SUS	 URBAN BUS	 URBAN BUS	 URBAN 8Uu
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INDUSTRIAL MUCK SHEC ION

A.OPERATIONAL HOURS CAN BE ACCUMULATED RAPIDLY

B. OPERATION CAN BE CONTROLLED

C. CHANGES OR MODIFICATIONS CAN BE EASILY AND
QUICKLY APPLIED

D. SKILLED MAINTENANCE PERSONNEL ARE ALWAYS
CLOSE AT HAND

In addition to the practical aspects identified as necessary to justify any
application, considerations that relate to the technical and information
gatheving aspects of the program recommend an industrial application.
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PROJECTED PERFORMANCE ON HYDROGEN 2NO RPM
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PROPOSED HYDROGEN ENGINE
F-135 GASOLINE ENGINE

100
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A 2000 rpm fuel took comparing a 135 in 3 conventionally carbureted
gasoline engine Is shown compared to a hydrogen fueled engine of 20
percent more displacement vu provide comparable horsepower.

Th, unthrottled hydrogen fueled engine can be expected to exhibit fuel flow
versus horsepower similar to an withrottied diesel engine. The obvious
point to nots !s the significant reduction in required fuel energy at light
load.

The figure also illustrates the heat rejection to the coolant as a function of
load as compared to the heat required by the hydride bed for release of the
fuel.
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INDUSTRIAL TRUCK OPERATING MODES

PERCENTPERCENT BTU'S/HOUR
MODE	 RPM POWER TIME GASOLINE H2

IDLE 600 0 40% 19,000 9,500

FULL POWER 2800 I	 10096 596 20,900 20,900

DECELERATION 2000/600 0 6% 2,400 1,200

LIGHT LOAD 2000 1096 25% 39,000 29,250

LIGHT LOAD 2000 4096 2596 45,000 48,750

126,300 1	 109,600

In quantifying ft-1 required for the hydrogen fueled vehicle we made use of
the fuel hooks de - Abed In the previous chart.

Overall thermal efficiency of the gasoline truck is 14 percent with the
hydrogen truck at 16 percent.

Vehicles employed in more rigorous service could be less attractive from a
thermal efficiency point while light load applications with a high
percentage of standby idle and light load could be more attractive.

HYDROGEN STORAGE

1. BED IS IMMERSED IN ENGINE COOLANT AND RELEASE IS
CONTROLLED BY COOLANT FLOW MODULATION

2. 'JBE DIAMETER IS SMALL — APPROXIMATELY 31NCHES I.D. FOR
IMPROVED TRA:S1ENT PERFORMANCE

3. "START UP" BED IS EXHAUST HEAT ACTIVATED

4. EXTRUDED ALUMINUM HYDRIDE STORAGE VESSELS APPEAR
MOST ATTRACTIVE

S. FeTiMn MATERIAL APPEARS MOST ATTRACTIVE BECAUSE OF
INCREASED USABLE CAPACITY

The totally immersed bed proposed offers a practical system for insuring
good heat transfer. Usable hydrogen in the bed was projected to be 1.4
percent by weight.

Cold start-up problems are addressed with an exhaust heated bed
estimated to be 5 percent of the total. Cold start-ups will require a warm up
period to bring the entire engine and hydride bed system up to temperature.
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ENGINE CHANGES

1. ALUMINUM HEAD AND PISTON

2. IMPROVED OIL CONTROL

3. COOLED EXHAUST VALVE

6. POSITIVE CRANKCASE VENTILATION

S. EXHAUST DILUTION WITH CATALYST
IN a a•

Engine changes are proposed to address these problems:

1. Both intake and exhaust back/ire.

2. Worn engines developing ignitable mixtures in the crankcase.

3. Elimination of tree hydrogen in exhaust.
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SCHEMATIC OF CONTROL AND SAFETY SYSTEM
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Significant features of the control system include:

1. Are air pump employed to:

(a)Cool the exhaust valves
(b)Provide positive crankcase ventilation
(c)Exhaust dilution

2. Fuel to the engine —limited by:

(a)Ignition switch for positive shut-off
(b)Oil pressure switch limits fuel delivery until cranking speed is

achieved
(c)Fuel flow modulation without throttling

3. Hydride bed controls include:

(a)Flow control modulated by hydrogen pressure
(b)Venting of the cooling system Into the intake manifold insuring a

hydrogen leak from the bed is routed thru the engine
(c)Fuel shut-off does not stop ignition system which continues

should a bed leak exist

4. Exhaust system incorporating:

A conventional catalytic converter with over temperature warning to
Indicate a defective ignition system.
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COST SUMMARY ($/YEAR)'

ELECTRIC LPG H2 POWER H2 POWER
GASOLINE TRUCK TRUCK fELECI (PIPELINE]

COSTTOOWN 1,669 39417 1,739 2,247 2,247

COSTTOOPERATE 1,822 759 3.220 5,534 1,822••

COST TO MAINTAIN 2.529 1,877 2.529 2,529 2,529

TOTAL DOLLARS/YEAR 6.020 6,053 7,488 10.310 6,698

BASED ON A 45 YEAR LIFE

• • BASED ON H 2 COST OF 55.00110 6 BTU'S

The economics of an industrial truck operating In a normal environment are
strongly related to fuel cost.

Early applications that will not have the low fuel cost advantages ultimately
projected and will require incentives other than economic.

CONCLUSIONS
1. SEVERAL APPLICATIONS FOR HYDRIDE STORAGE COUPLED TO A

HYDROGEN FUELED PISTON ENGINE ARE ATTRACTIVE

2. THE ECONOMICS OF FUEL PRODUCTION COST RECOMMEND FIRST
APPLICATIONS IN THE INDUSTRIAL FIELD WHERE LOWER
ELECTRICAL COSTS AND ENVIRONMENTAL CONSIDERATIONS ARE
BOTH ATTRACTIVE

3. A PRACTICAL AND SAFE SYSTEM CAN BE PUT INTO SERVICE TODAY

Engine/ hydride systems have several practical problems that need to be
addressed now. The evolution of practical systems capable of long term,
trouble free and safe operation, requires performance of systems in real
environments. An expansion of the present effort is recommended. That
expansion should include both component and integrated system
applications.
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NATURAL GAS SUPPLEMENTATION
WITH HYDROGEN

C. R. Guerra, J. E. Griffith, R. Kelton and D. C. Nielsen
Public Service Electric and Gas Company

80 Park Place
Newark, New Jersey 07101

Abstract

The potential supplementation of natural gas with hydrogen
is being evaluated. The studies include: (1) combustion
tests of gas blends in burners and appliances, (2) compu-
tation of capacity of a distribution network and system
adjustments to deliver gas blends and (3) measurement of gas
leakage from prototype joints of mains removed from a gas
distribution grid.

The results show that main burners can burn blends with
up to 20-258 hydrogen in natural gas, but target pilots
limit the hydrogen concentration to 6-118. After modifi-
cation of pilot orifice or increase in gas supply pressure,
blends with up to 208 hydrogen were found satisfactory for
use in most burners and appliances. The flow studies
indicate that natural gas with up to 208 hydrogen could be
readily adapted to utility operations at the gas pressure
and flows used in the distribution, utilization and service
subsystems of the grid. The metering station appears to be
the most suitable site for introducing hydrogen into the
distribution system. Measurements of gas leakage from
joints containing blends of hydrogen with natural gas are
currently under way.
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Introduction

The supplementation of natural gas with
hydrogen is an attractive concept because,
as a gas, hydrogen is readily adaptable to
existing utility distribution systems and
to the utilization equipment owned by gab
users. Gas 5D pipeline networks and cus-
tomer appliances and equipment represent,
as an aggregate, a large investment with a
prroductbve life and usefulness highly de-
pendent on the availability of natural gas
and certain gas substitutes and supplements.

Hydrogen is pre-eminent as a natural gas
supplement because it can be derived from
various primary energy sources ranging from
fossil to nonfossil sources, including
fusion and solar energy. Gradual supple-
mentation of natural gas with hydrogen is
expected to be a key element in the smooth
transition from fossil fuel dependence to
the nonfossil economy of the future.

Under contract with ERDA and with
funding support from Public Service Elec-
tric and Gas Company (PSE&G), various
aspects concerning the delivery of blends
of hydrogen with natural gas, via existing
utility systems, are being studied. The
program focuses on the following:
(1) the limitations which the use of
hydrogen blends may bring about in cus-
tomer appliances and equipment, (2) the
operation of a utility grid distributing
hydrogen blends, (3) the selection of
suitable points for injecting hydrogen
into the distribution system, (4) the
effectiveness in hydrogen containment by
typical components of a utility grid and
(5) certain nontechnical aspects related
to safety and regulatory requirements.

Combustion Tests of Blends
in Burners and Appliances

The objective of this investigation was
to determine the maximum amount of hydro-
gen that could be blended in natural gas,
maintaining the reliability and efficiency
of typical utilization devices with
minimal or no adjustment or conversion.

Although interchangeability criteria,
which may be calculated from the gas
analysis, are available, these methods are
not mutually consistent and were developed
over 20 years ago. Since that time, new
varieties of burners have been developed,
and others have been modified, and burners
which were critical are no longer used.
In addition, use of these criteria to
predict ignition or extinction noise;
flashback on rapid turn-down or short-
cycling; faulty ignition performance, with
either thermal elements or flash tubes;
and unfamiliar gas odors have not been
successful. The preferred method of
assessing interchangeability is to
(1) determine the possible interchangeable

mixtures using established criteria,
(2) set up in a laboratory rglectea
burners/appliances representative of the
most critical types served and (3) operate
the proposed mixtures on the critical
burners/appliances.

A preliminary study, using Weaver
Indexes of interchangeability, indicates
that mixtures containing up to approxi-
mately 20% hydrogen should be interchange-
able with natural gas. Of she five
conditions which must be met for satis-
factory interchangeability:(1) little
change in burner input, (2) no lifting
of flames, (3) no flashback of flames,
(4)no excessive yellow tipping of flames,
(5) no incomplete combustion, it appeared
that these mixtures would be critical
with respect to flashback. Laboratory
tests were undertaken to substantiate the
preliminary finding.

Test Methods and Equipment

Test gases were prepared by mixing
natural gas and hydrogen in cylinders and
the gas blends analyzed. Each test
burner was adjusted on natural gas to
obtain proper input and the best possible
flame characteristics. The following
parameters, where applicable, were then
evaluated with natural gas and the sub-
stitute mixtures of natural gas and
hydrogen:

1. Gas rate (input)
2. inner cone height
3. Primary aeration
4. Occurrence of yellow-tipping
5. Thermocouple output
6. Occurrence of flashback

a. under steady state conditions
b. under modulating conditions
c. on ignition
d. on turndown
e. on extinction
f. on short cycling

7. Occurrence of lifting
8. Noise of extinction
9, incomplete combustion

Where adjustment of the primary air was
provided on burners, the above observa-
tions were also made with hard and soft
flame adjustments.

The test equipment used in this invest-
igation consisted of 11 pilot burners,
13 main burners, and 10 appliances.
Tables 1, 2 and 3 summarize the type of
gas utilization equipment tested.
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Table 1

Pilot Burners Tested

Input -
No. Burner Type Use Safety Type Btu Hr

P 1 Primary Aerated Boiler, Furnace Thermocouple 11505
P 2 Incinerating Boiler, Furnace Differential Expansion 742
P 3 Primary Aerated Boiler, Furnace Differential Expansion 1,705
P 4 Non-Aerated Range Oven Liquid Expansion 632
P 5 Non-Aerated Range Oven Liquid Expansion 351
P 6 Non-Aerated Range Top --- 110
P 7 Target Boiler, Furnace Thermopile 1,753
P 8 Target Boiler, Furnace Thermocouple 912
P 9 Target Boiler, Furnace Thermocouple 852
P 10 Target Boiler, Furnace Thermocouple 740
P 11 Target Water Heater Thermocouple 833

Table 2

Main Burners Tested

Test	 Rated
Input -	 Input -

No.	 Burner Type
	

Material
	

Use	 Btu/Hr	 Btu/Hr

B 1 Ribbon
B 2 Ribbon
B 3 Drilled Port
B 4 Drilled Port
B 5 Drilled Port
B 6 Slotted Port
B 7 Slotted Port
B 8 Luminous Flame
B 9 Luminous Flame
B 10 Drilled Port
B 11 Slotted
B 12 Single Port
B 13 Target

Cast Iron
Pressed Steel
Cast Iron
Pressed Steel
Cast Iron
Pressed Steel
Pressed Steel
Aluminum Alloy
Aluminum Alloy
Cast Iron
Pressed Steel
Pressed Steel
Pressed Steel

Boiler
Furnace
Boiler
Water Heater
Water Heater
Water Heater
Furnace
Room Heater
Room Heater
Range Top
Air Conditioner
Clothes Dryer
Clothes Dryer

18,878
25,256
76,339
40,120
18,765
40,120
24,332
32,413
45,711
14,262
18,697
28,074
25,109

20,000
25,000
75,000
40,000
18,000
40,000
25,000
30,000
45,000
12,000
18,000
25,000
25,000

Table 3

Appliances Tested

No. Appliance Burner Type

A 1 Boiler Single Port
A 2 Furnace Slotted Port
A 3 Water Heater Drilled Port
A 4 Furnace Single Port
A 5 Range Oven Drilled Port
A 6 Range Top Slotted Port
A 7 Room Heater Slotted Port
A 8 Range Oven Slotted Port
A 9 Range Top Slotted Port
A 10 Clothes Dryer Single Port

Test
Input -
Btu Hr

131,293
79,976
37,913
70,712
18,599
10,152
20,839
18,599
10,152
28,269

Rated
Input -
Btu/Hr

130,000
80,000
36,000
75,000
16,000
12,000
20,000
19,000
10,000
30,000

Burner Material

Cast Iron
Pressed Steel
Cast Iron
Cast Iron
Cast Iron
Pressed Steel
Cast Iron
Pressed Steel
Pressed Steel
Pressed Steel
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Conclusions

1. Gas blends containing more than
6-11% hydrogen (by volume) are the
limiting mixtures for target type pilot
burners.

2. Gas blends containing more than
20-22% hydrogen are the limiting mixtures
for main burners operating in the open.

3. Gas blends containing more than
22-25% hydrogen are the limiting mixtures
for main burners tested in appliances.

4. Modification of the orifice in
target pilots or increasing the suprly
pressure to a minimum of seven incises
water column will permit the use of gas
blends with 20% hydrogen.

5. The limiting conditions result fmn
the tendency of target type pilot burner
flames to burn back at the orifice and
not above it as designed, resulting in
reduced thermocouple output.

6. Main burner performance was limited
by flashback under turn down conditions
with a tendency to noise when the flame
was turned off.

7. Minor changes in burner adjustment
such as adjustment of primary air has
little effect on the amount of hydrogen
which can be satisfactorily utilized.

S. Although no tests were performed
on industrial equipment, the limiting
percentages of hydrogen found for res-
idential equipment should operate satis-
factorily on industrial equipment because
it is readily capable of adjustment to
meet variations in gas composition.
Some industries, such as glass, would
probably welcome the addition of hydrogen
to natural gas since a more clearly
defined sharp flame results.

9. The Weaver Indexes of interchange-
ability do not accurately predict the
interchangeability of hydrogen and
natural gas mixtures. Additional work
weeds to be undertaken to modify these
indexes to arrive at a method which is
universally applicable.

10. A statistical :analysis of the
number of types of burners in use needs
to be undertaken so that accurate pre-
dictions can be made as to the costs of
conversion, and the extent of the
problems which may occur with various
substitute gases.

Determination of Gas
Distribution System flows

This study examines the ability of a
typical utility distribution systemm to
deliver hydrogen while conforming to the
pressure limitations of a system designed
for natural gas. Natural gas is dis-
tributed in the U.S, today by deans of
a well integrated network of transmission
lines operated by pipeline companies and
by the distribution systems of hundreds
of utilities which carry the gas to the
ultimate user. The moving force which
causes the gas to flow from wellhead to
customer is the difference in the pres-
sure of the gas from one point in the
system to another. Different gases, since
they have different characteristics such
as heating value and specific gravity,
require different pressure differentials
for the delivery of an equivalent amount
of energy.

Methodology

The flow of gas in a pipe segment can
be computed by well known flow formulae
which give rate of gas flow (Q) as a
function of gas pressure differential
(P or h), specific gravity of the gas (S),
length of pipe segment (L),and a factor
(C) which takes into account pipe dia-
meter and friction. Operating personnel
rely on different formulae according to
the gas pressure in the mains.

For intermediate pressures (1 psig to
60 psig)

2
P1 - p2

Q	 C
SL

For utilization pressures (below 1 psig)

h1 - h2
Q = C

SL

Computing the flow in a given pipe for
different types of gases is relatively
simple; however, flow computations for
complicated networks of mains such as
those common in gas distribution systems
can be quite tedious and time consuming.
For this reason, PSE&G commonly conducts
network studies on a Univac 1106 Digital
Computer.

Table 4 lists the principal elements
of the natural gas T&D system from the
wellhead to the customer's appliance.
In the network studies, two subsystems
of primary concern with regard to the
flow of gas blends were examined in
detail:
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(1) a distribution pressure subsystem
involving a large PSE&G feeder main net-
work and (2) a utilization pressure
subsystem involving a medium sized PSE&G
grid. Network analyses were carried out
for 1000 natural gas at peak load
conditions and for blends containing 100
and 200 hydrogen at peak load conditions.
Comparisons of the results were made to
determine the system modifications needed
to carry the different gas blends. The
service pressure subsystem was only
briefly examined because it is expected
that excess capacity is available to
accodate the flow of gas blends.

b. Install additional supply points
to the system.

c. Uprate the system to operate at
higher pressures. Uprating consists of
raising the pressure in stages and con-
ducting extensive leakage tests at each
stage. In sorn^e cases, some system
components Faust be replaced with higher
rated components before Uprating begins.
Uprating costs can vary widely from
system to system, but generally uprating
is the most economic method of correcting
pressure problems.

Utilization Pressure Subsystem,

Table 4

Principal Elements of the
Natural Gas T&D Network

Gas Well
Pumping Station
Underground Storage
Transmission Line
rletering Station
High or Medium Pressure Feeder Bain
Distribution Regulator
Utilization Pressure Main
Service Main
Service Regulator
Customer Meter
Customer Line
Customer Appliance or Equipment

e	 Distribution Pressure Subsystem

The network studied is made up of 300
miles of feeder mains ranging in size fran
2" to 36". Approximately 142,000 cus-
tomers in an area of 421 square miles
are served by this system which receives
gas from two meter stations and a reg-
ulating station. The estimated consump-
tion of these 142,000 customers during
the maximum hour of a zero degree day
(winter of 1976/77) is about 9 X 106
cubic feet per hour of natural gas,
The System is designed for 60 psig with a
previous maximum operating pressure of
35 psig. It must operate at a maximum
of 35 psig, unle-s it is uprated
according to DO'. (Department of Trans-
portation) Operating Procedures. In
accordance with PSE&G design criteria
concerning minimum pressures, it can have
no pressure below 3 psig.

If the flow studies show that the
load on a zero degree day maximum hour
results in pressures lower than the
minimum allowable, then modifications
of some type must be made to the system.
These modifications could consist of one
or more of the following:

a. Installing additional feeder
mains at key points of the system to
increase load carrying capacity.

The network chosen for computer
analysis consists of about 10,000 feet
of 3", 4", 6", and 0" cast-iron and
plastic mains. There are 303 customers
served by this system and most of them
use gas for space heating. Gas is fed
into this system from two distribution
regulators. The estimated consumption of
this s ystem during the mwdmuam hour of
a zei•- degree day Ginter of 1976/77)
was about 29.4 X 10 cubic feet per hour
of natural gas. The design criteria
which must be Feet for t,.is system is that
the pressure at the lowest point cannot
be below 4.2" ;cater column, and the outlet
pressure at the distribution regulator
cannot exceed 7.5 inched water column
under normal circumstances.

If the flow studies show that the load
on a zero degree day maximum hour with
maximum input pressures results in pres-
sures at any point lower than the minimum
allowable, then modifications of some
type must be made to the system. These
could consist of one or more of the
following:

a. Increasing main sizes at key
points in the system to increase load
carrying capacity.

b. Installing additional distribution
regulators to supply the system.

Conclusions

1. A maximum-design-hour load of about
9 X 10 6 cubic feet per hour of 1000
natural gas could be handled by the dis-
tribution pressure system studied without
violating any design criteria or requiring
reinforcements. The lowest system pres-
sures were estimated to be 3.5 psig on
the basis of sendout pressures of 35 psig
(7.9 X 10 6 CFH supply source A) and 31
psig (693 X 10 3 CFH supply sources H&C).

2. To distribute a blend of natural
gas with 100 hydrogen in the system des-
cribed in (1) above, it is required that
the sendout pressure at all three supply
sources (A, B, and C) be kept at 35 psig
to maintain a minimum acceptable pressure
of 3 psig at any point in the system.
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3. To distribute a gas blend with 204
hydrogen in the system described in (1)
on the preceding page, it is required that
the sendout pressure gt the supply points
be 35 prig (7.88 X 10 CPH supply source
A) and 38.4 prig (900 X 10 3 and Oho X 103
CPU supply sources B&C) to maintain a
mintmum pressure of 3 psig throughout
the system.

4. A maximum—design-hour load of 29.4
x 10 3 CPU of 1000 natural gas could be
handled by the utilization pressure
system studied without violating any
design criteria or requiring reinforce-
ments. The lowest systemua pressure was
estimated to be 5.30 inches water column
with the two regulators feeding gas at
6" pressure.

5. The systems described in (4) above
could distribute blends of hydrogen with
natural gas and maintain the minimum
allowable pressure of 4.2" throughout the
system. Blends with 108 and 208 hydrogen
resulted in minimum pressures of 5.35"
and 5.32", respectively.'

Points of Potential Hydrogen Admission

The selection of the points at which
hydrogen should be admitted to a dis-
tribution system to supplement natural
gas is closely related to the requirements
of the State Utility Can-unission. Aside
from safety considerations, the utility
commission's chief concern will most
likely be that customers receiving the
lower heating value blend are billed
accordingly. To this end, the commission
will probably require that the limits of
the area receiving tho blend are clearly
defined so that these customers can be
easily identified. From the utility's
standpoint, the simplest way to define
these limits would be to supply the blend
to an entire distribution system, or if
this cannot be done, at least to some
easily defined sub-section of the dis-
tribution system. This can be done most
easily if the utility blends hydrogen
into natural gas at the meter stations
supplying a particular distribution
system.

XMract of Regulatory Standards

An analysis of the Regulatory
Commission rules in one state (New Jersey)
reveals few problem areas with retard to
distributing hydrogen blends, but certain
topics need further study.

1. Possible conflicts with a variety
of existing codex, including piping and
plumbing codes, welding codes, electrical
codes, and compressor station codes.

2. Gas detector calibration could be
difficult when the percentage of hydrogen
in the blend is constantly varying.

3. edorizing hydrogen-natural gas
blends could present problems.

4. Purging mains for hydrogen-natural
gas blends may need development of special
procedures.

S. Heating value calculations for
billing purposes will be more complicated.

Regulatory standards regarding gas
distribution and hydrogen handling may
vary significantly among states and
localities and further studies should be
made in this regard.

Performance of Gas Distribution Eguipment

The rate of gas leakage or hydrogen
permeation through prototype utility
pipes and joints will be measured using
a special test facility. The facility
circulates natural gas or blends at a
rate of 3,000 cubic feet per day and
pressures in the utilization and distribu-
tion ranges. Cast iron, plastic pipe
and steel joints removed from the PSE&G
system, after various service lives, are
being tested for leakage. The facility
has been used for baseline tests with
dry natural gas and, presently, a dry
gas blend with 10% hydrogen is being tried.
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nYDROGEN AS A MI B-` URI GASEOUS FUM SUPPLEME v"f
BY BLENDING WITH NA .AL GAS

C. F. gtein~etz
Baltimore Gas and Electric Company

Baltimore, Maryland

Abstract

The Ad Hoe Committee studied the potential for said-term
(1985 -2003) commercial application of the use of hydrogen
for blending into the present natural gas delivery system
as an energy supplement, Successful development of advan-
ced electrolyzer technology and the availability of low
cost "off-peak" electric generating capacity are basic to
this concept.

The Committee determined that a major, federally funded
research, development, and demonstration program aimed at
proving the technical feasibility is not justified within
the next five years. Basic reasons are that even a com-
pletely successful RD&D program would not spur mid-term
commercialization to:

• Produce sufficient hydrogen to significantly
alleviate the natural gas shortage on a
national basis.

• Produce hydrogen at a cost competitive with
other supplemental gaseous fuels if present
price projections hold true.

• Provide the electric po=ser industry with
incentives to devote available generating
capacity to this and in competition with
various storage concepts, operating alter-
natives, and end uses under development.

The Committee found no overriding environmental, safety,
legal, code, or regulatory consideratiins which would pre-
clude the hydrogen-natural gas supplementation concept.
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Several divicions of the United State- Ene-rgy Re-
search and D velop::^ent AdM1ni0tr0ticn (EE31L%) support
research efforts relating to the use of hydrogen as
a medium got energy tranomi-olon and distribution.
C-7hile the general co psensus of technical experts
progects hydrogen as an energy carrier in the long-
tem (beyond the year 2000), its prospective rule
as an energy delivery medium in the mid-term (1905-
2000) must also be enanined. Such analyses should
be within the frameworc% of U.S. Energy systems and
emphasize comparison between hydrogen and co-ipeti-
tive alternatives available and/or under development.

At the invitation of ERVA'c Cheaieal and Thermol
Storage Branch, Division of Energy Storage System:.
Office of Conservation, an A-' Hoc Comittee was
established to conduct this analysis and comparison,
The Com—mittee was charged with determining the
potential of hydrogen supplementation for mid-tetra
commercial development and the appropriateness of
a major government supported research, development,
and de=mnstration (RDSD) project. If the results
were positive, the Committee was asked to present a
plan for implementing such a program within five
years. Production of electrolytic hydrogen from
off-peak electric generating capacity was emphasized
as the likely hydrogen sources.

Participation was solicited from a broad base of
electric, electric and gas, gas transmission and
distribution utilities, related trade associations.
industry, government agencies, and national labora-
tories. Thus, a balance of diverse perspectives
and views on the value of the proposed project was
included.

This activity was fr,.mally instituted at an organ-
izational meeting held at ERDA Headquarters on
April 21, 1976. Work was essentially completed in
January, 1977 and a report entitled "An Evaluation
of the Use of Hydrogen as a Supplement to Natural
Gas" (1) was finally edited for publication during
the summer of 1977. This paper is a presentation
of the significant findings of the Ad Hoc Committee.

EVALUATION OF CRITERIA

Four criteria were used by the Ad Hoc Committee
to evaluate the potential for mid-term commercial-
ization of the hydrogen - natural gas blending
concept. These are discussed in turn below to
explain the Committee's reasoning and judgement.

First Criteria - Volumes of hydrogen produce 4u-1

utilized would make a significant contribution .^
alleviating the natural gas shortage on a national
basis.

Inherent in this criteria are the dual questions
of interchangeability and production potential.
Interchangeability is defined as the ability to
interchange one gas with another without incurring
unacceptable performance of equipment. The prime
aspects of performance are,

* No incomplete combustion, i.e., the gener-
attos of carbon monoxide beyond acceptable
limits.

* No lifting of flames from burner ports.

* Par flash-back of flames into the burner.

• No enceaaive vollc ,. tipping; of flares.

• little ehsnQe in burner input (less than

+ 102).

THie interchangeability of one gas with another on

all the appliances and eeuip-sent cknnected to dln-
tribution pSpelines is not aubjert to eltact deter-
minntion. Much worlt has bean done over the past

twenty-five years to develop approaches which are

indicative of satisfactory perfomance but not

conclusive. A brief trentnent i y given using the
Knoy "C" rouation (2) approach to gars some per-
spective on the effect of hydrogen blending. Table
1 shows a typical natural gas analysis and the
resultant chao.,ge: in heating value and specific
gravity as hydrogen is introduced in various per-
contopes by volume. The Knoy "C" Fr untion is a
simplified approach to interchangeability which

pernits a rapid assessment based .n relationship of
heating value and specific gravity. Its basic

pc-e.:aise states that if "C" developed by the follow-
ing formula for an adjustment gas remains constant

within limits for substitute gases they will be
interchangeable.

Heating Value - 175

Specific Gravity

Interchangeability results frc-m the maintenance
of a primary air-gas mixture of approximately
175 BTU/ft, within tl<e burner head. On a plot of
heating value versus specific gravity, a constant
"C" or interchangeability line can be developed for
the adjustment gas. A variation in "C" of +5% is
considered to be a tolerance band within which
satisfactory appliance performance can be expected.
A second tolerance band to +10% variation in "C"
indicates an area within which some degree of dif-
ficulty with appliance performance will be exper-
iences and burner adjustments needed. Beyond this
band, substitute gases cannot be considered for
satisfactory performance. Figure I shows the Knoy
"C" plot for the typical natural gas as the adjust-
ment gas and the various hydrogen percentage
mixtures as substitute gases.

Laboratory research done on a variety of gas
appliances by actually imposing hydrogen mixtures
has shown approximately 103 to be the limit for
interchangeability which is in good correlation
with the Knoy result. Higher mixtures result in
flashback problems with certain burners. The indi-
cations are that with modificatio .a of equipment to
some degree and at d commensurate cost a maximum
of 253 hydrogen by volume might be distributed.
None of the interchangeability techniques, even
laboratory testing, are capable of giving broad
consideration to the "in situ" condition of equip-
ment regarding field adjustment, deterioration,
accumulation of Flirt and debris and venting condi-
tions. Neither do they fathom the nuances of
customers exposed to changes in the appearance or
operation of appliances. Performance on an opera-
ting distribution system is the only conclusive
index of interchangeability.

Vith an apparent 10% assured minimum to 25%
doubtful maximum, it is important to consider the
effects of hydrogen mixing on natural gas require-
ments. Since hydrogen has a heating value of only
about one-third that of natural gas,any mixing of
hydrogen will lower the heating value of the gas
die' •._`_, . However. the system will require the

274



same total heat usage regardless of the gas distri-
buted. Thus more cubic feet of the lower heating
value gas will be required during a given time
period. Uhen the relative volumes of natural gas
required to satisfy a given he , t load are calculated
for various percentage mixtures of hydrogen.the
results produce Figure 17. A 10% mixture of hydro-
gen will decrease natural gas requirements by only
3.401; and a 251 mixture by 9.55%. hydrogen blend-
ing then has a limited potential for alleviating
natural gas shortages due to the i,.aterchangeability
factor. In contrast, alternative gaseous fuels
such as synthetic natural gas frra either coal or
naphtha and imported liquified natural gas are
directly interchangeable on a cubic foot for cubic
foot basis.

Although limited, the use of hydrogen would be
worth pursuing if sufficient quantities were avail-
able at a competitive price. Production potential
was explored by the Ccmmittee through a detailed
review of possible sources. Possibilities consid-
ered and conclusions reached are summarized below:

a) Coal Gasification

SNG production from coal is more attrac"ive
than hydrogen production for natural gas blend-
ing from efficiency, cost, and compatibility
viewpoints. hydrogen production by coal gasi-
fication may be attractive for natural gas
substitution in industries such as oil refin-
ing, ammonia manufacture, or production of
methanol and other chemicals.

b) Renewable Resources

Of the nine possibilities ^xamined, none
appears to be feasible for large-scale appli-
cation in the mid-term. There is little
probability that a solar photovoltaic el pctro-
lyzer will be economically feasible in the
mid-term unless breakthroughs in improved
photovoltaic cel) efficiency and at least a
fifty-fold reduction in manufacturing costs
occur. Because of high costs for electricity
generation in a capital-intensive facility
opi_rating at a loin annual capacity factor,

there is also little hope for solar thermal elec-

trolysis due to high cost of electricity
generation and remote siting requirements.
None of the photochemical concepts under
development are re.alisticelly close to com-
mercial operation by 2000, and more fundamen-
tal research is required beivre this concept
can be adequately asse!;sod. Bio-gasification
favors methane production and anaerobic diges-
tion of organic waste mpterials produces much
more methane than hydrogen; reforming methane
to hydrogen would be uneconomical. No pros-
pects are Teen for either solar or nuclear-
based thermochemical hydrogen for commercial
application before 2000. Also, considerable
work remains t:, be done on the earth's rngma
as a potential hydrogen source before economic
feasibility can even be assessed. Once tech-
nology is proven, wind electrolysis could be
attractive under the atght conditions and
there is a slight chance for wid-term commer-
cialization; however. because of regional
applicability requirements.it could only be
employed on a minor and very select basis.

c) Eltctrolytic Hydrogen from Installed Gen-
erating Capacity

Because there is presently no large-scale

electrolytic equipzent industry in the United
States, production on a cognuatt scale requires
acquisition of ec,uipment frog European canu-
facturers. Maus, the Cc--n-Attee firmly con-
cluded that advanced electrolyze¢ technology
Is required to o°&e Laid-terra co=ercialization
feasible because burdens imposed by presew
technology in ccmpression requirements and
manned operations preclude any hope of com-
petitive pricing. `Palle 2 presents an evalua-
tion of present state-of-the-art electrolysis
technology compared to postulated goals for
advanced [etymology.

The General Electric Solid Polymer Elec-
trolyte (GE-SPE) approach now under develop-
ment by the Electric Direct Energy Conversion
Laboratory at Wilmington, Massachusetts with
partial funding from ERDA and the Niagara
Mohawk Power Company, is an advanced concept.
This process employs a solid perfluorinated
polymer as the electrolyte rather than aqueous
KOH which is used in current systems. The
GE-SPE electrolysis process is an outgrowth of
the solid polymer electrolyte fuel cells
supplied by General Electric for use on several
aerospace vehicles.

Thus electrolytic hydrogen from "off-peak" elec-
tric generating capacity was found to be the only
source capable of paid-term commercialization. Pro-
duction potential thci , centers around the avail-
ability of 'off-peak" power. Estimates by the
Committee, using the advanced electrolyzer capabil-
ity for hydrogen generation,were developed as
follows:

Nuclear generating capacityinsome geograph-
ical areas may be about equal to or slightly
in excess of the base load by about 1985, and
in the 1985-2000 period this excess nuclear
capacity above the base load will probably
gradually increase. The availability of o g f-
peak nuclear generating capacity in the year
1995 for the contiguous 48 states has been
estimated using future generating plant capac-
ity and load data from 1976 reports filed with
the Federal Power Commission by each of the
nine electric utility regional reliability
councils. This estimate indicates that by the
year 2000 there may be a much as 72 billion
kwhr of off-peak nuclear electricity that would
be available about 12 hours per day at an
incremental cost (fuel + OSSI) of 0.6-0.8 c/kwhr
(1975 $). This off-peak ni.clear electricity
is likely to be available along the East Coast
north of Virginia, in the Northern raid-West,
and on the Pacific Coast. This 72 billion
kwhr/year would provide 0.2 Quad/year of elec-
trolytic hydrogen at a cost of $4.60-5.25/MBtu
(1975 ^) including the utility rate of return
on the lectrolysis plant investment. This
0.2 Quad fyear would be about 1% of the U.S.
requirements for gaseous fuel.

The conversion of coal to electricity and
then to hydrogen by electrolysis involves an
overall thermal efficiency (coal to hydrogen)
of about 34. compared to 60-65% for converting
coal to SNG by the Lurgi process or by the
newer coal gasification processes now being
developed. However, in spite of this serious
efficiency debit, electrolytic hydrogen pro-
duction from off-peak coal fired generating
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capacity may be attractive at see locations.	 Second Criteria - IdEdMgen wi 1 be cost eoaretitive
For ea¢°-ple, the use of electrolysis would 	 with ether sasnpLiemnental fuelc (all costs based on
allaw electric utilities to aeplace cycling 	 1975 d-11ars).
type coal fired generators with high efficiency
(low heat rate) plants that are not readily
eye led.

Estimates have been made of the availability
of off -peak electricity in the years 1985 and
1990 from hydro. nuclear. and low cost coal
fired plants at a maximum inerc—nental cost
(fuel + Oal) of 1.1 a/kwhr (1975 $). These
estimates are based on data provided by two of
the larger utility systems that represent 8.5,
of the total U.S, generating capacity. These
data Indicate that this category of U.S. ocf-
peak electricity may be 256 billion kwhr/year
in 1985, 314 billion in 1990, and may reach
465 billion in the year 2000. This larger
quantity of Pff-peak electricity includes the
off-peak nu, I ej+r electricity, discussed above;
it also is available about 12 hours/day and
would vary somewhat from season to season. It
was assumed that 260 billion kwhr/year of this
465 billion total could be used for electro-
lysis in the year 2000. This would provide
0.8 Quad/year of electrolytic hydrogen or
about 47 of the U.S, gaseous fuel requirements
in the year 2000. This electrolytic hydrogen
would cost about $6.20/MBtu (1975 $) including
return on the electrolysis plant.

While the estimates of future available
electrolytic hydrogen are significant, up to
4.0% of U.S. gaseous fuel requirements in year
2000, the probability of actually achieving
this output must be considered. This proba-
bility factor is rather low because low cost
off-peak electricity may not be available due
to greater than anticipated electrical demand
or delays in the construction of nuclear power
plants. It may not be attractive to use elec-
trolysis if SNG from coal gasification develops
more rapidly than is now anticipated. There
is also the distinct possibility that, if
available, the low cost off-peak electricity
may be utilized in an energy storage system
such as pumped hydro or underground compressed
air or by the use of time-of-day electricity
pricing or for the night-time recharging of
electric vehicles. Obvioi%ly, the competition
for this energy is real, Utility managements
will determine the end •rse which is most apt
to be directed toward sptimum profitability
and benefit for the e'ectric system operation.
There is no apparent strong incentive for the
use of this energy as a natural gas supplement
by producing hydrogen. Accordingly, the %;am-
mittee judged that a factor of no more than
0.10 would be applicable. Such probability
scales down the anticipated hydrogen produc-
tic2 to an order of about O.M. of U.S. gaseous
fueU requirements in year 2000 and i=-eises
the expectation that it would be on a limited
regional basis rather than having national
effect. On this basis, using 20 quads of
energy requirement annually, electrolytic
hydrogen production for supplementation would
approach 0.08 quads or 0.25 trillion cubic
feet. This is less than 0.1 trillion cubic
feet of natural gas equivalent but worth
approximately 0.5 billion dollars out the cal-
culated production cost of $6.20 per million
BTU.

1 esent electrolyzer technology and industry in
the U.S. is not adequate for hydrogen generation
on the required scale because M58 capacity unfits are
not available and hydrogen production cA Qts are
prohibitive.

Commercialization requires succesoful development
of advanced electrolyzers such as the General Elec-
tric Solid Polymer Electrolyte (SPE) process.
Granting such development. at an approximate cost
of 20 million dollars, hydrogen production costs
(1975 $) range from $4.60-$5.25 per million Btu
(from nuclear off-peak generation only) to $6.20
per million Btu (from all off-peak generation up
to 1.1 c/kWh in 1975 $). The lowest hydrogen pro-
duction costs are comparable to the highest supple-
mental gaseous fuel costs of past years, namely
substitute natural gas from naphtha. at $4.50 per
million Btu. The major competitive gaseous fuel
under development, substitute natural gas from
coal (SNG) at a projected cost of $3.50 per million
Btu. shows hydrogen to be 77.1% higher, although
these projections might be revised upward along
the course of development to commercialization.

In order to arrive at hydrogen production costs,
detailed studies involving capital and operating
cost estimates for the GE-SPE system were carried
out. These economic data were then used with cost
and availability estimates of low cost of`-peak
electricity to calculate the quantity and cost of
electrolytic hydrogen that could be produced with
the available off-peak electricity.

The capital and operating costs for the GE-SPE
system are defined in Table 3. The installed cost
of the electrolysis plant has been assumed to be
$150AW of hydrogen product (1975 $1). GE has
suggested that this figure might ultimately be as
low as $100AW after a substantial amount of
capacity has been built and the learning curve
experience is well advanced. The efficiency of the
process has been assumed to be 90% (hydrogen pro-
duct/AC power in); this figure is at the high end
of the GE suggested target range of 85-90%.

The production cost of the hydrogen product
derived in the tabulations is plotted as a function
of the cost of electricity in Figure III.

Assumptions used in developing these costs are
explained in Table 3. The more important assump-
tions are as follows:

• The annual recovery of capital is 17%
corresponding to that for the electric
utility industry in the U.S.

• Labor and supervision costs included in
this calculation assume essentially unat-
tended operation of the electrolysis equip-
ment. The costs employed correspond to
0.1 man/shift in Column 1 and 0.08 man/shift
In Columns 2, 3, and 4. The basic assump-
tion is that this electrolysis equipment
will run essentially unattended in small
units of 5.0 MW output (51,500 SCF/hr
hydrogen product) at dispersed locations
such as utility substations. If constant
operator attention is required. production
costs for small dispersed units will be
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very high. if operator attention to 0,
electrolysis facility is required, it ..ill
probably be desirable to use large units of
50-ICO NW and to locate these plants at the
electric generating stations where eperatar
attention can be provided at reasonable
(inerezental) Cost.

* Capital coats for the power conversion
ecuipaent are proportional to the plant's
Hydrogen production rather than a constant
annual dollar value, assuring that the
power conversion equipment is providing a
useful service on the utility grid ire reac-
tive power control when the electrolysis
plant is not used for hydrogen production.
This might not apply if it were necessary
to employ large electrolysis plants at
central stations rather than the smaller
electrolysis units at substations. If this
reactive power control credit were not
realized, the electrolytic hydrogen produc-
tion costs would be increased by $0.10/MOtu
for the capacity factor cases.

Maintenance and general overhead annual
charges are assumed to be 6.6% of invest-
ment. This corresponds to rather low
overall annual maintenance costs.

It wi?1 be noticed that hydrogen storage has not
been factored into any of the prior considerations.
The Committee carne to the firm conclusion that costs
associated with any technically feasible hydrogen
storage techniques would be prohibitive in the mid-
term. This is especially true with the relatively
small (5 MW) facility. The concept for handling
pure hydrogen and injecting it into a flowing
natural gas pipeline is conceived as essentially
a flow-through operation with only "surge" or
"buffer" storage involved.

Third Criteria - The electric power industry .-Ist
be motivated to devote their low cost off-pea's
power generating potential to hydrogen production.

Off-peak electric capacity is a commodity under
continuous and intensive study. Utilities seek to
minimize its availability by power pooling and the
optimum design of their generating facility "max".
It is subject to change in availability as a new
plant goes on line and then load grows to utilize
this capacity. Changes in operating practices,
such as "time-of-day" billing, which could change
the historic peak vs. off-peak relationship to
reduce the availability of off-peak power, are
contemplated. Techniques for energy storage
including pumped hydro, compressed air, battery,
and sensible heat thermal storage are in use or
under study. Finally, alternate end uses of elec-
tricity such as battery charging for transportation
could change the off-peak picture. All of these
reduce the attractiveness and probability for
hydrogen generation as a supplement to natural gas
on a national scale although it could be viable in
more localized regions.

Given the limited reduction in natural gas
requirements which could be derived from hydrogen
blending and the unfavorable production cost picturr
versus other alternative fuels, the Committee judged
that a low probability factor must be applied for
commercialization. These factors taken together
prompted the decision against recommending a major
research, development and demonstration project at

this tire.

Fourth Criteria - No overridinP environmental,
safety, legal, code or regulatory considerations
would preclude the hydrogen - naturafl gas su le-

rentation concept.

Throughout the study, this criteria was constant-
ly reviewed by the various groups investigating
major aspects of the concept such as supply, injec-
tion, transmission, distribution and utilization.
Similar concerns were developed in each group
relative to these considerations but the general
eoncensus was that no insurmountable obstacles
exist. Put another way, if the first three
criteria were met, the fourth could be handled.

Sufficient experience and expertise exists for
the design and construction of hydrogen handling
facilities. The space program and various chemi-
cal plant operations including synthetic natural
gas development have provided much knowledge.
Likewise, nw--erous parallels exist between the
hydrogen blending requirement and long standing
gas utility peak-shaving operations which utilize
propane-air mixtures blended with natural gas.

However, hydrogen does have different character-
istics from more conventional gaseous fuels which
must be compensated for. These properties include:

• Low density (0.07 specific gravity) which
makes containment more difficult.

• Wide flammable limits (4-75% by volume in
air), as well as lack of odor and ability
to burn without visible flames which create
greater hazards.

• The potential for hydrogen embrittlement of
materials under certain operating condi-
tions which requires special attention.

In spite of the above difficulties, hydrogen is
handled successfully in refinery operations and
chemical plants.

A full range of clearances would be needed for the
construction of hydrogen facilities including
environmental impact statements, `earings, appeals
and decisions. Operating demonstrations would
serve a real purpose in establishing precedents if
hydrogen supplementation were to be pursued for
mid-term commercialization.

Facilities would be required to meet the Minimum
Federal Safetgr Standards, Part 192 - Transportatioi.
of Natural and Other Gases by Pipeline - adminis-
tered by the Office of F^peline Safety Operations
(OPSO). Also, State Public Service Commissions
operatia-, as agents for OPSO or on their own
authority could impose safety requirements. At
present there is no specific coverage for hydrogen
facilities in the regulations governing gas trans-
mission and distribution. Useful developmental
work could be done by compiling existing standards
and codes through governmental agencies, various
industry agencies, and recognized standards organ-
izations such as ASMS and ANSI. Such a compilation
would be valuable in orienting the safety codes,
such as Part 192, toward hydrogen coverage.

Hydrogen was distributed in manufactured gas, at
concentrations in excess of 30% by volume, for over
125 years. There is no record of it being a problem
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constituent during that entire era. Even today,
some  ecwftpanfec use appreciable percentages ofUSydro-
gen In their send-out gases. High pressure
(509 prig) transmission mains are used to trans-
port some of this gas to the distribution network.
Based on this experience, it would appear that no
insurmountable obstacles or significant hazardous
conditions would preclude the transmission and dis-
tribution of 10-15% by volume nixtures of hydrogen
in natural gas. However. the degree of relative
uncertainty combined with the risk of widespread
exposure warrants a closer look at potential
coerce rns.

Regulatory involvement could also be incurred by
the intermittent but routine injection of hydrogen
and its effect on the Btu content of gases reaching
end-use customers. The heating value would vary
for those customers served by the supplemented gas
and.in addition, he different from the unmixed
natural gas served to other areas of the system.
These influences could cause complications in
billing practices and might require more detailed
monitoring of heating value by geographical area
within a service territory than is currently
practiced.

Utilities are subject to State and local codes
governing the installation of piping and equipment
In buildings. Mnst reference the National Fuel Gas
Code which is American National Standard (ANSI) 2
223.1. Little, if any, chang_ in this code is con-
i:emplated as a result of the low hydrogen concen-
tration being considered. However, an interface
with ANSI would be prudent if a demonstration
program was instituted.

The same comment applies to the ANSI 2 21 series
of standards covering gas appliance construction
and performance. Almost all such equipment is
certified under these standards for use with natural
gas and certain other commonly used gaseous fuels
through the American Gas Association Laboratories.

SLIX4MAR%

The Ad Hoc Committee examined one possible mid-
term application of hydrogen. In light of rapidly
changing circumstances it may be appropriate to re-
examine hydrogen's prospective role in alternative
mid-term applications on a regular basis. The
Committee recowmended that the proposed hydrogen-

for-natural-gas-supplementatien scheme Yse

re-emardned in a tire period beyond three years. As
a result of technology advances sc...e of the hydro-
gen production options eliminated by this study.
such as wind, color, ocean, thermal, biomass, and
thermochemieal product ion.eiv be reconsidered.
GurthormDre, the entire issue of availability and
cost of off-peck power is not only relevant to
hydrogen production but also bears directly on
electric energy storage and electric autovotive
programs and should be periodically exams and . Such
Continuous studies are valuable to several ongoing
CPM-EPRI and industry R&D programs in addition to
being relevant to the issue of hydrogen production
frcm electric sources. EFM, in association with
the utility industry, should remain alert to iden-
tify possible new mid-term hydrogen applications.
EscalatinP foe-11 fuel prices must bye considered;
the expectation that synthetic gas from coal will
be available at competitive prices should be ques-
tioned. Also, changes in the projected rote of
addition to nuclear or other low cost base load
capacity must be considered. Major changes in the
above circumstances would require a reassessment
of the present dectsioa not to recommend a demon-
stration project at this time.

The Committee believes that its report presents
a fair appraisal of the potential for mid-term
supplementation of natural gas with hydrogen.
General agreement on the contents was reached
through many meetings and discussions. This brief
pres..atation cannot do justice to the full report
which is now available. Much effort was given to
the final Conclusions and Reco=iendations which
are reproduced in full as Appendices A anc B.
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TABLE 1

Representative Natural vas Composition
and Properties

Constituent Symbol w Volume

Met bane CH4 96.53

Ethane 02116 2.35

Propane 03118 0.18

ISO-Butane 0010 -

N. Butane 041110 .02

Carbon Dioxide c02 0.77

Nitrogen N2 0.12
100.00

Gross :Heating Btu/Ft3 1026
Value (dry)

Specific Gravity S.G. 0.576
(air m 1.0)

Hydrogen	 112	 100.0

Gross Heating	 Btu/Ft3	 325.0
Value	 (dry)

Specific Cravity	 S.G.	 0.07

Change in Heating Value and Specific Gravity
With Various % Hydrogen Mixtures

7 Hydrogen Mixture with N.G.
in Mixture Btu/CF	 Sp.Gr.

0 1026.0	 -.576

5 990.95	 0.551

10 955.9	 0.5'5

15 920.85	 0.500

20 385.80	 0.475

25 650.75	 0.450
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TABLE 3

Electrolytic HX2Men Cost by GE-SPE Process

Operation by a utility wing off-peak electricity
1985 operation, 1975 $

Plant - SPE electrolysis with forced commutated converter interface
Location - Northeast U.S.
Utilization factor for converter - 0.90
Utilization factor for electrolyzer - 0.45
Electrolyzer capacity - 5.0 MW hydrogen product - 17.075 MBtu/hr hydrogen product

- 52,538 SCF/hr of hydrogen or 26,269 SCF/hr of oxygen
Thetual efficiency - 90.07.
Electrical input for capacity operation - 5.556 LW
Hydrogen product pressure - 450 psig

Investment /RW out S thousands

Paver conversion and switchgear 45 225
Electrolysis modules 20 100
Other process equipment 23 115
Installation costs 22 110
Offsites 15 75
Contingency 25 125

Total 150 750

Column No. 1 2 3 4

Converter capacity factor 0.90 0.90 0.90 0.90
Electrolyzer capacity factor 0.90 q.45 0.45 0.45
Electrolyzer operating hours per year 7884 3::42 3942 3942

Hydrogen productica MBtu/yr X 103 134.6 67.3 67.3 67.3
Electricity input kWhr/yr X 106 43.8 21.9 21.9 21.9

Electricity cost, c/kWhr 1.6 0.6 0.8 1.1

Working capital, $ X 10 3 (Note 1) 78 26 33 44

Annual Costs, $ Thousands

Electricity 438 131 175 240
Water and chemicals (Note 2) 7 4 4 4
Labor and supervision (Rote 3) 25 18 18 18
Maintenance and general

overhead (Note 4)
• Paver conversion (Note 5) 15 8 8 8
• All other 35 35 35 35

Capital charges (Note 6)
• Power conversion (Note 5) 38 19 19 19
• All other 89 89 89 89

Working capital charges (Note 7) 16 5 7 9
Total 663 309 355 422
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TADILE 3 (cont'd)

Co l cnn No.	 1	 2	 3	 4

Dlectroly^-err capacity factor	 0.90	 0.45	 0.45	 0.45
Electricity cost, c/Ze%r 	 1.0	 0.6	 0.8	 1.1

Coots. ^/MDtu of hydrogen product

Electricity	 3.25	 1.91i	 2.60	 3.57
Water and chemicals	 0.05	 0.05	 0.05	 0.05
Labor and supervision	 0.19	 0.27	 0.27	 0.27
Naintenance and general overhead	 0.37	 0.64	 0.64	 0.64
Capital charges	 0.95	 1.61	 1.61	 1.61
Working capital charges	 0.12	 0.07	 010	 0.13

Total	 4.93	 4.59	 5.27	 6.27

Oxygen credit	 (Note 0)

Note 1 - Working capital - 2 months costs of electricity, water + chemicals,
and labor and supervision.

Note 2 - Charges for water and chemicals are $0.054/Mlltu hydrogen product.
Note 3 - Labor and supervision for 1.0 man/shift would be $236,000/yr.
Note 4 - Naintenance and general overhead are 6.6% of investment each year.
Note 5 - Maintenance and general overhead and capital charges for the power

conversion and switchgear equipment is charged in proportion to its
use for electrolysis since when not used for electrolysis it pro-
vides credite to the utility fo: ,dower factor correction.

Note 6 - Capital charges are 17.0% of Investment per year.
Note 7 - Worlting capital charges are 21.07. of working capital per year.
Note 8 - If oxygen production could be marketed at $24/con, the credit

would correspond to $1.53/Mtu of hydrogen.
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APPENDIX A

conclusions

A. Electrolytic hydrogen is presently too expensive relative to other
oupplemental gas supplies but such hydrogen may beco-me a limited
qu_oneity supplemental fuel In the future, especially in cases where
flow-cost "off-peak" capacity is available.

R. There are no insurmountable problems in the safety, environmental,
or regulatory areas which would prevent or preclude =-T--ercialization
of hydrogen supplementation of natural gas. Excluding the production
of hydrogen, the incremental system costs (euch as transmission, dis-
tribution and injection) would not be significant.

C. Laboratory tests and calculation indicate that the cc--position of
blends would be limited to 10; hydrogen by voltm?e without chances in
system or end-use devices. With ch.ages in end-use devices, levels
could go to 20-25% hydrogen by volume blended with natural gas for
satisfactory operation.

D. Opportui:ities for supplementing natural gas using refinery and chem-
ical plant by-product gases may exist today at economically feasible
coots.

R. hydrogen may be more valuable as a chemical commodity rather than as
a supplement to natural gas provided that storage would be available
to deal with the intermittent nature of the source.

F. if coal is the primary energy source being considered for natural gas
supplementation, it may be more appropriate to produce synthetic natural
gas (SNG) rather than ;lydrogen.

G. For some utility companies, electrolytic hydrogen integrated with the gas
grid and dispersed generation devices (fuel cells or high temperature
turbines) may offer a unique electric/gas peak-shaving system that can
be used for weekly or seasonal duty cycles not covered by batteries or
other load management schemes. This approach may result in significant
overall system benefits.

R. The Co-nittee recognizes that beyond the year 2000 there may be al-
ternate energy sources providing for existing natural gas end uses
such as increased electrification. A significant role for hydrogen
Is anticipated but competition with alternate energy supply mediums
for end-use applications must continue to be examined. Particular
consideration should be given to production from renewable resources
VtiAch can interface with the gas grid.

1. The conclusions drawn by the Ad floc Committee with respect to natural
p  Dupplementation cannot be generalized. Since there are other
a,-,.lications of significant potential, the EPDA electrolyzer and other
hydrogen RD&D programs should be continued.
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^PPEWIX B

Resamendatlone

ts. The Committee found ne justification to initiate implementing a
demonstration of hydrogen production and natural gas supplemen-
tation within the next five years. If significant interest is
shown by a utility or utility consortium, the government should
evaluate these propocala on their own merits.

B. The federal government sham-ld continue to support those research
activities aimed at solving natural gas supplementation related
problems.

C. The federal government should continue to support advanced elcctroly-
zer development.

D. The natural gas industry should investigate the availability and cost
of by-product gapes from industries such as refinery and chemical
plants as a supplement to natural gas.

E. ERBA should foster research related to longer range use of hydrogen
as a possible and gradual replacement for natural and/or synthetic
gases.

F. The gas and electric utility industries should continue to be involved
in establishing the technology base in anticipation of the time when
hydrogen could play a more significant role. To the extent that ERDA
assistance is warranted, that assistance should be on a cost-sharing
baois (as distinct from sole ERDA funding) wherever practical.

Caveat

A. The availability and cost of "off-peak" and "spinning reserve" capa-
city in the electric power industry along with an assessment of
market penetration for electrolytic hydrogen is being developed
separately by the Public Service Electric and Gas Company through an
ERIN funded study.

B. All costs in this report are shown in 1975 dollars. Cost data was
derived from different sources, and.although the best presently
available, may not have equal reliability. For exawnple, production
costs for synthetic natural gas from coal were developed by the EBDA
Fossil Fuels Division while advanced electrolyzer hydrogen production
costs were provided by General Electric, developers of the GE-SPE
process.

C. The limit of 107 by volume mixture of hydrogen in natural gas for
interchangeability was taken from ERDA funded research work currently
In progress at PSE6G. This limit is subject to verification by fur-
ther research and ultimate field demonstration.

O U. S. G®VERYMM, PlMf-MG oPME ! 1978 261-325/628
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DRI RESEARCH PROGRAM ON IM11ROVED HYDRIDES

C.E. Lundin, F.E. :,ynch, and C.B. Magee
Denver Reaea^ch Institute
University of Denver
Denver, Colorado 80208

ABSTRACT

The emphasis in this research program is t., develop
new and improved hydride storage materials. Tht approach
will be to employ DRI developed predictive techniques to
select candidate systems. Those systems with potential
will be fully characterized and ultimately optimized by
alloy addition. The goal is to develop hydrides with more
than 3 weight percent hydrogen.

The studies during this review period were devoted
principally to five subject areas. These were: (1) studies
of AB Laves phases and their hydriding characteristics,
(2) i9e analysis of hysteresis effects in hydride storage
materials and the development of a rationale for hysteresis
effects, ( 3) hydriding studies of ANi S systems in which
Ni was partially replaced with two neighboring elements,
(4) hydriding studies of titanium-base, beta solid solution
alloys, and ( 5) design, procurement, and construction of a
new Sievert's apparatus and an activation apparatus.
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I. Introduction

A research program was initiated approximately
four months ago between the Brookhaven National
Laboratory and the Denver Research Institute,
University of Denver to develop hydrogen storage
materials for application to energy need_. The
principal program objectives are to develop hy-
drides with hydrogen capacities of at least three
weight percent. The general approach to selection
of materials will rely heavily on a predictive
criterion developed in our laboratories( 1) . The
criterion to be employed is a correlation of the
free energy of formation of '.he hydride with the
interstitial hole sizes in ti.e metallic lattice.
Attention will also be given to establishing the
following properties: 1) decreased materials cost,
2) contamination resistance, 3) minimized hyster-
esis, 4) maximized kinetics, 5) good thermal con-
ductivity, 6) safe handling properties, and 7)
long-term recyclabilit, • . Ultimately; a series of
fully characterized, hydrogen storage materials
should be made available for various applications.

II. Research Progress

During the period covered by this project re-
view, five separate subject areas of study have
been initiated. These w re:

A. Experimental study of the hydriding character-
istics of selected AB2 compounds of the Laves
phase type including an analysis of the general
structural and geometric ch-racteristics of the
C14 and C15 Laves phases and the type and number
of interstitial sites for hydrogen occlusion.

B. Literature review of hysteresis effects in
hydrides, development of a rationale from an
analysis of prior theories that would be appli-
cable to current lesser stable hydrides of
interest, and preparation of a paper summarizing
the significant findings to promote a better
understanding of hysteresis effects for presen-
tation at the International Symposium on Hydrides
for Energy Storage in G,jeilo, Noniay during August
14-19, 1977.

C. Initiation of hydriding studies on ANi5 com-
pounds where Ni is partially replaced by two
neighboring elements.

D. Initiation_ of hydriding studies on titanium-
base, beta solid solution alloys.

E. Design, procurement, and construction of a
new Sievert's apparatus and design, procurement,
and construction of an activation apparatus.

As stated in the F.ntroduction, the selection of
candidate materials is not to be left to intu-
itive or statistical sampling as has been the case
in many previous studies. Several. selection rules
have evolved which are generally known and
accepted. These will be employed as required.
For instance, compounds which hydride are those
in which one of the elements is a former hydride
itself. Earlier studies ( 1 ) at DRI have also
provided.a better understanding of the hydrogen
occlusive process. These studies resulted in the
development of a useful predictive criterion (2).
The criterion entails a linear correlation between
the standard free energy of formation of the
hydride (or logarithm of the plateau pressure) and

tfie interstitial hole size of the metallic compound
lattice. The correlation teaches that the larger
the interstitial hole size, the more stable the
t;ydride, basing the comparison at a constant tem-
perature (usually `5°C). The correlation for each
structure type is different and must be established
first with experimental hydriding and lattice para-
meter data for several representative compounds.
The stabilities of unknown compounds with the same
structure type can then be determined by convert-
ing lattice parameter data into the interstitial
hole size and obtaining the stability from the
correlation plot. With more complex structure
types, where the hole size is difficult to locate
or calculate, atomic vclumes can be used. The
atomic volume is roughly proportional to the volume
of the interstitial holes.

The stability-size correlation has been verified
by data from many investigators as well as by our
own. Also, it has been demonstrated with many
different structure types. Only a few exceptions
have been observed. This predictive tool is not
only useful for locating new storage compounds, but
also for adjusting or tailoring the stability of
known materials to higher or lower pressure levels
by the properly selected alloy addition.

The experimental study of AB2 , Laves phase inter-
metalli.: c mFounds, wa: initiated first with the
pseudo-binary system, Fe2Y-Fe2Ti. These two binary
systems were selected first for several reasons.
The 66.7 atomic percent Fe in the AFe2 compound is
an inexpensive component with a relative-y large
fraction of the metallic content. The :i at 33.3
atomic percent is somewhat more expensive, but is
the lightest weight transition metal (other than
Sc). Yttrium is more expensive, but hopefully a
small amount would be required. Yttrium is also
light-weight. Hypothetically, if the Fe2Ti.75Y.25
alloy forms an AB2H4 hydride, the hydrogen content
would be about 2.4 weight percent, which is con-
siderably better than FeTi and LaNi^ hydrides.
The Fe2Y compound is he C15 (cubic i Laves phase,
whereas the Fe2Ti compound is the C14 (hexagonal)
Laves phase. The Fe 2Ti compound melts congruently,
while the Fe2Y compound is formed peritecticall
In the studies of Sandrock, Reilly, and Johnsonk3)
it was found that, under the experimental conditions
employed, the Fe2Ti phase did not hydride. The
Fe2Y phase hes been found to hydride to Fe2YH4 by
Van Mal, et al. (4) . It is postulated by DRI in-
vestigators that Fe2Ti does hydride under the
proper experimental conditions. Ultra-high
pressures at low temperatures would be expected to
cause hydriding to an A132-hydride. On the other
hand, the Fe2Y is very stable and readily forms a
hydride with extremely low equilibrium pressures at
ambient temperatures. These factors can be readi-
ly predicted from the stability-size correlation.
The atomic volume of Fe2Ti was calculated to be
38.4A 13 (per formula weight), and the atomic
volume of Fe2Y was calculated to be 49.8A°3 (per
formula weight). According to the correlation the
smaller volume should be very unstable, whereas the
larger volume should be very stable, as is th ase.
The experimental AB2 data of Shaltiel, et a1.?5^
were plotted in conformance with the size-stability
correlation. It was found that the stability range
of to 10 atm plateau pressure corresponded to
about 45A° 3 atomic volume. Thus, the Fe2Ti-Fe2Y
pseudo-binary system shc-ld bracket the right
pressure range, namely 1 to 10 atmospheres. The
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obvious next step was to prepare alloys in the
Fe2Ti-Fe2Y pseudo-binary intermediate range in an
at'empt to form an appropriate atomic volume in
between 38.4A o3 and 49.8A 03 . First, the Fe2Ti and
Fe2Y alloys were prepared and subjected to hydrid-
ing to verify the previous studies. Hydriding
attempts with Fe2Ti up to about 120 atm were un-
successful in the formation of a hydride phase,
whereas the Fe2Y reacted immediately at room tem-
perature to form a hydrided alloy. The composition
was not readily determined, because the as-cast
sample was not single-phase due to the peritectic
solidification. :Next, a series of alloys were arc
melted in the Fe 2Ti-Fe2Y pseudo-binary system.
These have been examined metallographically, since
a tao-phase region was expected in which tae C14
and C15 pnases co-existed. It was hoped that con-
siderable solubility existed at either end of the
pseudo-binary system to allow adjustment of the
size factor and, in turn, stability. Hcilever, the
two-phase region was found to be extensive, coverin,-
between. about Fe 2Ti . 85Y .15 and Fe2Ti 1 ,Y 85 . One
alloy in the two-phase region was hydrided to de-
termine what the hydriding characteristics of the
dual phase combination here. The alloy was the
Fe2Ti.75Y.25 composition. The Fe2Ti phase with Y
in solution did not hydride appreciably, while the
Fe2Y phase with Ti in solution was still very
stable. The composition of the Fe-Y base hydride
was estimated to be abou-, 4.5 H/ABA. --his system
had to be abandoned due to the extensive tiro-phase
region and the gross stability and instability of
the two phases in equilibrium in the two-phase
region.

The next related pseudo-binary system which was
felt to allow more possibilities for adjustment to
the. proper hydriding properties was the Fe2Zr-Fe2Y
system. Should an Fe 2Zr 15Y ^5 alloy form an AB2114
hydride, the hydrogen con ent would be about 2
weight percent. This may then be used as a start-
ing phase to modify in the direction of increased
hydrogen capacity. In this case, the two Laves-
phase structures are of the C15 (cubic) type.
Complete solid solubility is expected. The atomic
volumes are 44.2A 1 3 for Fe2Zr and 49.SA 3 for Fe^Y,
which are closer together compared to the Fe2-
Fe2Y systems. Also, the atomic vo' =es still
bracket the estimated 45 0A3 atomi: volume for AB2
structures which is projected to give the correct
stability range. The Fe2Zr compound was subjected
to hydriding first. Pressures up to about 120 atm
did not cause hydriding. Obviously, the size of
the lattice or interstices is still too small to
allow a sufficiently high degree of stability.
Alloys have been made, and hydriding characteris-
tics are being determined in the pseudo-binary
system. So far, alloys in the compositional range
from Fe2Zr . 9Y 1 to Fe2 Zr 5Y 5 appear to be single-
phase alloys. An alloy at Fe 2 Zr 	 7Y .3 was found to
hydride at room temperature. Alioys in this com-
positional region are currently being studied to
establish the total saturation and the pressure-
temperature-composition relationships.

An associated topic of study with the AB2 Laves
phases was concurrently initiated. An analysis is
be-'.:g made of the general structural and geomet-
rical characteristics of the C14 (hexagonal) and
C15 (cubic) type Laves phases in conjunction with
the pseudo-binary system hydriding investigation.

In the AB2 compounds there are three types of
tetrahedral holes encompassed by metallic atoms as
follows: B4 , A2B2 , and AB 3 . Current analyses are
directed toward characterization of these holes as
follows: 1) Determination of the radii of these
holes in the AB2 compounds as a function of the
lattice parameters; and 2) Determination of the
number of each of these types of holes, and the
relative geometric positions of these holes in the
crystal lattices of these compounds. The following
correlations are being made: 1) Experimentally
determined hydrogen concentration with number of
available holes; 2) Experimentally determined
hydride stabilities with hole type and size; and
3) Occupancy and stability with the electronic
structures of the A and B elements involved.

The unit cell of the cubic AB2 (C15) compound
contains 8 A atoms and 16 B atoms. The relative
positions are best understood by looking at a
three dimensional model. Close packing within this
structure requires that the atomic distances
(closest approach) satisfy the following criteria:

A-A: 273—a,

B-B: 
242-8 	

a,

A-B: 8 a,

where a is the lattice parameter of the crystal.

The relative positions of the atoms and the
specifications of interatomic distances presented
above have been used to calculate the "hard sphere"
radii of the three types of tetrahedral holes that
are found in this structure. The radii of the
spheres that touch the four encompassing atoms are
given below:

B4 tetrahedron (4 touching B atoms):

Rs = 8 ( 77 — r) = 8 (0.31784)

AB tetrahedron (three touching B atoms, A-B
distance (vT./8)a):

__ aRs 8 (V+2)

Rs = 8 (0.38927)

A 
2 
B 
2 

tetrahedron (B atoms touching, A atoms

touching, and A-B distance (T-1/8)a):

Rs 8 (1+21-){-(V3+V)+r(3+29)L}

9 (0.42129)

The coordinates of the three different types of
holes closest to the origin of the cell are given
below:

B4: x=2(A), y = 2(8), z = - 2(8)

3	 42	 r2 8

193



x - - g (1.2247) °Y

z - --a  (1.2247)

A2B2 : x = y = a (1.5223)

z a(0.044634)

Along certain planes the holes are arranged in
clusters, each with one B4 and 2AB 3 and 2 A2B2
holes. Counting the holes in these clusters gives
5 B4, 20 AB 3 , and 16 A2B2 holes. This numb cf
holes is reported by Pebler and Gulbransen`6/.
However, there are many A2B2 holes in the cell which
are not contained in these planer clusters. Three-
dimensional clusters about each of the B4 holes
accounts for a total of 5 B4, 20 AB 3 , and 48 A2B2
holes. This counting of A2B2 holes does not take
into account those holes originating from clusters
outside the unit cell but shared by the cell. De-
pending on how these holes are considered to be
shared by adjoint unit cells, there can be as many
as 40 additional A2B2 holes per unit cell.

The second area of study involved the hysteresis
effects observed almost universally in these hydro-
gen storage materials. A ' _ ge hysteresis results
in a reduced thermodynamic efficiency when employed
cyclically in various applications and dilutes the
argument that hydrides are safer than high pressure
hydrogen systems. Thus, it is important both
scientifically and technologically to understand
the phenomenon of hysteresis. Considerable effort
was expended to conduct a literature survey of
hysteresis effects in hydrides, develop a rationale
from an analysis of prior theories that would be
applicable to current hydrogen storage materials,
and prepare a paper (7) summarizing the significant
findings, all to promote a better understanding
of hysteresis effects. The paper was then pre-
sented during August 14-19, 1977 at the Inter-
national Symposium on Hydrides for Energy Storage
in Norway.

The salient features of the rationale are pre-
sented in this review paper. Briefly, the
rationale proposes that strain effects are the
fundamental cause of the hysteresis. The hysteresis
effects are thought to be manifested at the atomic
level, thus powder particle size would have little
effect on hysteresis. The hysteresis appears to be
an irreversible property in these materials. Thus,
no single path in absorption desorption should be
possible. The desorption plateau is regarded as
the closest approach to "equilibrium" conditions
since the strain is irreversible plastic deforma-
tion. Localized compressive strain is impos9d on
the unfilled interstitial sites during hydro&,n
absorption in the metal solid-solution region, and
dur9.ng the large expansion on absorption.in  the twu-
phase region. The ¢ and S phases are thus sub-
ject to plastic deformation at the micro level. On
desorption from the 9 phase, the elastic portion
of the strain is relieved on approaching the two-
phase region and through the two-phase region which
causes the desorption plateau pressure to fall be-
low that of the absorption plateau. pressure. The
pressure difference is attributed to the effect
observed in the size stability correlation wherein

the stability of the hydride decreases (higher
prosoure plateau) due to the compressive strain
reducing the size of the unfilled sites. On relief
of strain during desorption, the size of the sites
is increased which increases the hydride stability
(lower pressure plateau). The strain sensitivity
of stability for these hydrides is extremely large,
so only a small mount of strain is necessary to
cause hysteresis.

A relationship was found which describes the
hysteresis pressure difference in any one system
as a function of temperature. This was expressed
as In (P2/P1 ) = constant. A survey of the experi-
mental data from the SmCO5 , LaNi S , and FeTi hydride
systems supports this relationship rather well.

The case of hysteresis in CeCo and CeNi5
hydrides was given special attention. Although the
Co and Ni atoms are similar in all respects, their
AB5 compound hydrides react very differently. The
CeNi 55 shows an enormous hysteresis; 240 atm in ab-
sorptio:i and 50 atm in desorption at 25 0C, whereas
the CeCO 5 has only a fraction of one atmosphere
difference in the absorption/desorption plateau
pressure at 25°C. Also, the hydriding characteris-
tics are quite different. CeCo forms a CeCO5H3
hydride, whereas CeN15 forms a LVIIH6 hydride.
The small hysteresis of CeCO5 hydride and the large
hysteresis of CeNi 5 hydride are attributed to their
different capacities to promote 4f electrons into
the conduction band. The large hysteresis observed
in MischmetalNi 5 hydride is attributed to the Ce
content as a rfsµlt of this analysis and a former
investigation 1 conducted for the Advanced
Research Projects Agency. Removal of the cerium
can be accomplished easily during the extraction
process from the mineral concentrate. The cerium -
free, Mischmetal pentanickel compound hydrides
readily and is much more stable. The hysteresis
has been almost entirely removed by eliminating the
Ce.

The third area of study conducted during this
period was with LaN15 as a base for alloy additions.
The objectives were to substitute for the nickel
component with less expensive elements such as Mn,
Fe, Cu or Zn and, in doing so, to gain insight into
the factors determining the extent of hydrogen
capacity in metal hydrides. The substitution must
be done with pairs of elements. The effect is
somewhat analogolis to forming ferromagnetic alloys,
known as Heusler alloys, from Cu and Mn (which in
themselves are non-ferromagnetic). They bracket
Fe in atomic number and are alloyed to replace Fe,
employing a size effect relationship of the CuMn
solid solution that averages out to that of Fe.
Since Mn, Fe, or Co and Cu or Zn bracket Ni in
atomic number, respectively without much change in
size, they could be substituted appropriately in
pairs. Hopefully, one could prepare a hydride of
less expensive materials and still not decrease
hydride capacity, or maybe increase capacity. Thus,
an alloy with-the composition LaCo1.25%.Cu1.2
was selected as the first candidate to test feasi-
b ility. The phase equilibria are such that an
essentiall1/ single-phase alloy would be expected.
Metallography was employed to verify that this was
the case. The .alloy hydrided readily at room
temperature to the H/alloy ratio of 5.5, which is
excellent considering the cobalt content. The
plateau has.considerable slope in the as-cast
specimen. Heat treatment has, as yet, been
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unsuccessful in developing a single plateau. It
appears instead that.two.or.threo-diatinct.hydro-
gen occlusion modos will._devclop.in thia.aystem
as they have in others, e.g., LaCO 5_H and FeTi-H.

The fourth area of study is currently being
initiated. This is the-hydriding characteristics
of Ti-base, beta solid solutions. Selection of
alloys is to be made in terns of the predictive
correlation. Once the binary, Ti-base alloy
hydride has been optimized,.ternary alloy additions
will be made for further optimization. The first
binary system to be investigated is the Ti-Mo,
binary system. Alloys are currently being pre-
pared to initiate hydriding studies.

The fifth area of project activity was as
follows: Design, procurement, and construction
of a new Sievert's apparatus, and design, procure-
ment, and construction of an activation apparatus.

Although a Sievert's apparatus with provision
for three reaction chambers already exists and has
been used on prior projects, it was felt necessary
to expand the capabilities for increased screening
and characterization studies. for the ERDA program.
Improvements in design and pressure capability
have been incorporated.in the new system which is
provided with three reaction chambers each of
which can be operated concurrently. The apparatus
is essentially completed and will be operative in
about a month.

In conjunction with the Sievert's apparatus,
another activation unit is being assembled. It
will allow.pre-activation and sample break-in
prior to conducting the %absorption and desorption
isotherms on candidate samples. The system has
three stations to activate three samples simul-
taneously. It is fitted with a hydriding bed
which will provide activation and cycling for
several cycler automatically. The samples can
then be removed easily without disturbing the
reaction chamber atmosphere and moved to the
Sievert's apparatus where quantitative character-
ization of absorption and desorption isotherms
can be conducted.
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A THERMODYNAMIC AND ECONOMIC STUDY OF VARIOUS TECHNIQUES FOR THE
LARGE SCALE PRODUCTION OF HYDRIDING GRADE FeTi

C.J. Trozzi and G.D. Sandrock
The International Nickel Company, Inc.
Paul D. Merica Research Laboratory
Sterling Forest, Suffern, NY 10901

Abstract

The intermetallic compound FeTi has considerable potential as a hydrogen storage medium. This
paper represents a survey of possible large scale production methods for FeTi and related compounds.
Direct and indirect reduction of ilmenite ore is considered in thermodynamic and economic detail.
Results show that thermodynamics, economics and impurity effects make the direct production of FeTi
from ilmenite unlikely. For the foreseeable future FeTi will be made by the melting of primary
sponge Ti and scrap steel at final selling prices slightly above $2.00 /pound.

INTRODUCTION

Work at Brookhaven National Labs has shown that
the intermetallic compound FeTi, along with re-
lated alloys, has considerable potential for use
as a rechargeable hydride. This is the result of
two factors: (a) it has attractive hydrogen
storage properties in the vicinity of room temper-
ature(1) and (b) it has the lowest raw materials
cost of any presently known rechargeable hydride.
As large scale engineering applications for FeTi-
base alloys develop, 4 t becomes important to
establish the basic information on the metallurgy
and production of the system to optimize the
properties on a practical, multiton basis. This
paper provides a survey of the thermodynamic and
economic feasibility of producing FeTi by employ-
ing direct or indirect reduction of ilmenite ore
and the direct melting of Ti and Fe metal. The
factors considered were raw materials, process
thermodynamics, effect of residual elements on
hydriding capacity, and economics.

It has been established that FeTi is quite
complex metallurgically and that a number of
compositional factors must be considered in its
production(2). The basic roles of Fe/Ti ratio,
effect of 0, N, C and Si contamination and the
role of a number cf ternary transition element
substitutions have been established. A survey of
the technical aspects of conventional induction
melting was conducted and two new quasi-conven-
tional melting techniques for large scale FeTi
production were developed(2,3).

The thermodynamic and rough economic analyses of
techniques which might conceivably be used to
produce FeTi directly or indirectly from an ore
have been investigated, discussed in detail(4) and
will be summarized here. The study also involved
the examination of the technical and economic
feasibility of directly melting elemental titanium
and iron.

The study was directed toward the achievement of
a good quality hydriding grade FeTi. By this we
mean a homogeneous alloy of about 54 tat. Fe and
46 wt. % Ti with oxygen content less than 0.1 wt.
%. Such an alloy should be capable of hydriding
to a capacity on the order of HIM = 0.85 or more.
The effect of other impurities (e.g., Al or Si)
will be considered in context where appropriate.

SURVEY APPRGACH

The basic information for the thermodynamic and
economic calculations made below were derived
rredominantly from the following:

1. Open literature.
2. Personal contacts within the primary

titanium and ferrotitanium industries.
3. Internal Inco information for com-

parable metallurgical processes or
procedures.

Various sources of information have been utilized
in this study. In some cases a given piece of
information can be referenced. Often it repre-
sents internal information or a composite from
several sources that cannot be readily referenced.
The numbers used in this study are felt to repre-
sent valid estimates for 1977. Of course, in a
study of this sort, there are always technical
unknowns which could affect the end result. These
unknowns have been identified wherever possible.

The technical processes surveyed were the fol-
lowing:

A. Direct Reduction of Ilmenite
1. Gaseous Reduction
a. Hydrogen
b. Carbon Monoxide
c. Methane

2. Carbon Reduction
3. Metallothermic Reduction
a. Silicon
b. Magnesium
c. Calcium
d. Aluminum

B. Indirect Reduction Processes
1. Chloride (Kroll) Process
2. Electrolytic

C. Conventional Melting of Primary
or Scrap Ti

1. Air Induction Melting
2. Vacuum Induction Melting
3. Consumable Electrode Arc

Melting

It should be recognized that FeTi is not neces-
sarily the optimum alloy for a given application.
Because of this, along with the fact that the
composition of the ore will vary orer wide limits,
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remelting and composition adjustment is mandatory
for any of the direct or indirect reduction
processes considered.

Any reduction method employed would require a
final remelting, composition adjustment, and
mischmetal (rare earth) deoxidation of the alloy
product(2,3). Oxygen (greater than 0.1 wt. I) has
a deleterious effect on the hydrogen storage
capacity of FeTi, so its removal is desirable.
Similarly, FeTi directly melted from elemental Fe
and Ti should also be mischmetal treated. The
small additional cost assures a high hydrogen
capacity for vehicular applications and minimum
decrepitation for stationary applications, as well
as aiding activation(2).

The final number presented for each 	 lysis is
the FeTi selling; price in $/pound. This involve3
a mark-up from the overall production costs. The
mark-up used throughout this study is 42%, based
on the assumption of a 50% tax on income and a 15%
after-tax return on sales. This mark-up can vary
slightly with a number of factors, but we feel it
is representative of the metallurgical industry
that would be called upon to produce multimillion
pound quantities of FeTi for energy storage appli-
cations.

ORE SOURCES - RUTILE VS. ILMENITE

In order to survey various processes for produc-
ing FeTi, a survey of raw material resources was
necessary.

Titanium originates from two ores: rutile
(nominally TiOA and ilmenite (nominally FeTiO,).
Rutile (generally '^,96-95%Ti02) is a higher grade
ore than ilmenite, having a higher titanium content.
Neither of these ores are totally free of other
oxides. Ilmenite, however, contains more ad-
ditional orides than rutile. The U.S. has an
abundance of ilmenite, but is dependent on Australia
for rutile which is presently used in manufacturin,
pigment, welding rod coatings and titanium metal.
The increased rutile consumption has placed in-
creased demands on rutile reserves and is sub-
sequently driving prices up(5).

Rutile is 59% titanium, while ilmenite is only
31.6% titanium. Although the purity of rutile may
seem attractive, it lacks the iron necessary for
the production of FeTi. Since ilmenite contains a
considerable amount of iron (both in the ilmenite
phase and in the form of various iron oxides), it
would be beneficial to find a method of reduction
which would yield both titanium and iron metal
simultaneously.

In view of our future energy situation, future
raw material availability is a critical factor.
The limited quantity of rutile leaves ilmenite as
the only long range alternative. There are a wide
variety of grades of ilmenite but that of the
highest purity is desired for FeTi production.

Some typical ilmenite compositions are shown in
Table I and Reference 4. The ilmenite concentrate,
used as a basis for the calculations, is only one
of the many concentrates available. The mineral
analysis can vary widely from grade to grade.
Therefore, the material and heat balance for each
ore will be different. The ore price varies
depending on the ore grade and lot size.

DIRECT REDUCTION OF ILMENITE

The primary reduction reactions (FeTiO3 -► Fe +
T10 2 + 1/202) and secondary reduction reactions
(TiO 2 -> Ti + 02) with reducing agents such as C,
H, CO, Si, Al, Mg and Ca have been examined using
basic thermodynamics. I-Then examining the feasi-
bility of applying each reducing agent, the fol-
lowing questions need to be asked: Is the re-
action thermodynamically possible? How effectively
does it reduce ilmenite? And in doing so, how
much of the reducing agent residual is left in the
alloy? Does this residual have a deleterious
effect on its hydriding properties? How pure is
the product?

The equation AG
O
 = -4.574 T1ogK illust.oces that

at a given temperature (°K) the equilibrium con-
stant (K) and hence, the equilibrium state is
determined entirely by the standard free energy
change, AG

O
. Quantitative information on the

chemical equilibrium state is given by either K or
AG

O
. A value of K greater than 1 corresponds to a

negative value of AG O , which means that when
reactants and products are present in their
standard states the reaction will proceed spon-
taneously toward equilibrium, as written. Con-
sequently, the larger the negative free energy
change is for a given reaction, the more likely it
is that that reaction will take place. The values
and equilibrium constants for the primary and
secondary reactions involving each reducing agent
have been calculated (for details see Reference
4). The primary reduction reaction involving each
reducing agent is thermodynamically possible; but
the degree to which the reduction will take place
will depend on which reducing agent is employed.
Complications arise during the secondary reduction
reactions due to the large affinity Ti has for
oxygen. Figure 1(6) illustrates the Ti + 0 2 -►
TiO2 oxidation reaction (reverse for the reduction
reaction) and its relationship with the oxidation
curves of the reducing agents considered. A basic
thermodynamic rule can be applied while referring
to Figure 1. All of those elements which have
"AGO vs. T" curves lying below the curve of the
oxide being reduced are eligible as reducing
agents for that oxide (corresponding to a negative
free energy change), and it follows that the
larger the free energy gap, the more effective the
reducing agent will be. Elements associated with
"AGO vs. T" curves lying above the curve of the
oxide being reduced are not potential reducing
agents (corresponding to a positive free energy
change). In other words, for those reducing
agents under consideration, that which has the
largest equilibrium constant for the reduction
reaction is the most desirable.

Titanium's great affinity for oxygen is a major
drawback of all of the reduction processes con-
sidered. The partial free energy change per mole
of oxygen has been plotted by Kubashewski et al(7)
as a function of oxygen content in the Ti-0 system.
This curve illustrates the affinity Ti has for
oxygen. Upon careful examination of the 0-Ti
phase diagram one can observe that there is no
significant change in phases occurring between
1000°C and 1500°C. Therefore, even though Figure
2 has been calculated at 1000°C, it is reasonable
to assume that it would have a very similar shape
at temperatures up to at least 1500°C.

The graph illustrates that a reducing agent that
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can overcome the affinity of oxygen to T102,
Tis0n, TicOs and Ti0 may not produce pure ti-
tanium owing to the affinity of oxygen dissolved
in the metallic titanium. Therefore, thermo-
chemical calculations which do not account for the
solution phase may fail, reduction being less
complete than mould be expected from the cal-
culations(7).

The heat of oxide formation ie another factor
which will affect the manner in which the re-
duction is carried out. If the reaction is en-
dothermic (positive heat of oxide formation), then
an outside heat source will be required to carry
out the reaction. If the reaction is exothermic
(negative heat of oxide fotmation),an outside heat
source is not required in order to carry out the
reaction. Any reserve heat left after the ore
oxides are dissociated can contribute to heating
the charge.

The elements which thermodynamics predicted
could not be effective reducing agents for TiOR
were not considered further. Those elements which
looked promising were examined more closely (for
details of the material, equilibrium calculations,
balance, economics and heat balance, see Reference
4). Once the technical feasibility was established,
the most important factor was economic feasibility.
Calculations made for the reduction reactions
which proved to be economically unfeasible (due to
the high cost of reducing agent) were not carried
out in great detail.

The arrival and growth of the steel industry
brought a need for ferroalloys (i.e., Fe-Ti, Fe-
Si, etc.). The three production methods employed
were carbon reduction, silicon reduction and
aluminum reduction.

Gaseous Reduction

Hydrogen Reduction. Hydrogen is utilized as a
reducing agent in only a few limited cases.
Ferrotitanium cannot be produced by ferroalloy
producers in this manner because its stable o:ti2-s
are not reducible by hydrogen. The equilibrium
constant for the critical reduction reaction is
one of the lowest of all reduction reactions
considered. At temperatures in the vicinity of
the melting point of FeTi (1623 0K), the free
energy change remains positive. It has also been
shown that the equilibrium constant for the sec-
ondary reaction TiO 2 + 2 H 2 - Ti + 2 H 2O is K =
7.18 x 10-:1 at 1623°K(4). Under equilibrium
conditions only iron is reduced by hydrogen,
leaving rutile (Ti02) unreduced(8). Therefore, if
this method were employed, subsequent reduction of
TiO2 by some other method (i.e., metallothermic)
would be required. Thus, direct hydrogen reduction
of ilmenite is thermodynamically unfeasible.
Partial reduction with H 2 followed by subsequent
reduction of T10 2 with a more powerful reductint,
though unexplored technically, may be of interest.
However, this procedure does not offer any hope of
a major production cost breakthrough.

Carbon Monoxide Reduction. Carbon monoxide is
the least likely candidate for ilmenite reduction
from a thermodynamic standpoint. The free energy
to drive the reaction is positive throughout the
entire temperature range under consideration. The
secondary reaction TiO2 + 2 CO -► Ti + 2 CO2 near
the melting point of the alloy has a very unfavor-

able equilibrium constant K - 7.14 :r 10°12(4).

Examination of the possibility of ilmenite re-
duction by CO illustrates that even if the reaction
were achieved under special conditions, the for-
mation of carbide would be favored. As mentioned
below, carbon ties up titanium as TiC, thus hinder-
ing FeTi's H-storage capacity.

Methane Reduction. Recently some success in re-
duning titaniferous magnetite ('.e., a magnetite-
ilmenite mixture) with CHu has been reported(9)
although the thermodynamics tend to favor the
ultimate formation of TiC; there appears to be a
critical time-temperature realm where some of the
TiFe phase can form. This represents a possibility
for the production of FeTi from ilmenite, but
information at this time is not adequate to judge
either economics or technical feasibility on a
commercial scale.

Carbon Reduction

Carbon reduction of TiO2 is possible at high
temperatures (Figure 1 - at temperatures above
1600°C where the 2 C + 02 -► 2 CO curve lies below
the Ti + 02 i TiOa curve). Carbon is a poor
reducing agent for ilmenite at low temperatures,
requiring a large amount of heat and therefore
must be carried out in an electric arc furnace.
Equilibrium constants for the primary and sec-
ondary reactions are shown in Reference 4. As
illustrated by the equilibrium values and Figure
3, the titanium carbide reaction will tend to
predominate. This is indicative of the fact that
ferrotitanium alloys produced carbothermically (by
the ferroalloy industry) have a high carbon
content 0,3-8=)(10).

Though re duction of ilmenite with carbon is
thermodynamically possible, its employment in FeTi
production '3 undesirable due to the residual
carbon which takes the form of TiC and would very
seriously inhibit its hydrogen storage capacity.q
Each weight percent carbon would tie up about 4211,
as TiC. Thus an 8%C alloy would have only about
46-4(8) - 14% free titanium left for the formation
of the FeTi phase. The capacity would be further
lowered by substantial amounts of residual oxygen.
Carbon reduced ilmenite would probably have less
than 20% of the H-storage capacity of high purity
FeTi.

Metallothermic Reduction

The principle by which metallothermic reduction
takes place is very basic. A metal oxide can be
reduced to metal by a particular metal reducing
agent if that chosen reducing agent has a greater
affinity for oxygen than that of the metal to be
reduced. A complex equilibrium occurs in which
those metals with higher affinity for oxygen will
be found in the slag phase and those that do not
will be found in the metallic phase.

The following basic. considerations(ll) must be
made in order to determine the feasibility of
producing titanium and iron [ 1, -m ilmenite, in a
metallothermic process according to the general
chemical equation:

MY+x=XY+M*
*The chemical equation will require balancing, de-
pending on the oxide and reducing agent employed.
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M is the metal to be reduced.
X is another metal used as a reduc-

ing agent.
Y is some non-metallic element or

radical.
(1) Is the dr?ving force of the

reaction sufficient?
(2) I•Jill the reaction proceed to

within a reasonable approach
of completion?

(3) Will sufficient heat be evolved
to melt the products of re-
action?

(4) Will the reaction products
separate?

Metallothermic reduction processes are batch
processes which guarantee a carbon-free product.
When employing this kind of process, there are two
kinds of approaches, both of which are self-propa-
gating reactions(12): (a) top igniting a mixture
of powered charge (reducing agent, ore, flux and
boosters) and allowing the reaction to complete by
itself (in-furnace or out-of-furnace) and (b)
preheat the reducing agent (i.e., ingot form) and
add the powdered charge to the top of the heat,
thus allowing the preheated reductant to ignite
the reaction (in-furnace). In the former ap-
proach, the process begins from the top and the
products of reaction travel by gravity through the
mixture to the entire mass. In the latter ap-
proach*, the fresh mixture travels by gravity
through the hot reaction products.

Once the reaction is complete for an out-of-
furnace application, the vessel is allowed to cool
and the ingot is knocked out. The resultant slag
layer, which has protected the ingot from the
atmosphere, can be knocked off.

After a complete reaction in-furnace, the alloy
and slag must be removed from the furnace and
allowed to solidify. Application of an in-furnace
method would only require furnace power to initially
heat the reductant. Once the reacticn is ignited,
it will proceed without assistance.

Thermodynamically, there is free energy sufficient
to drive the reduction reaction of ilmenite using
Al, Mg or Ca as reducing agents. Each of these
has an oxide with a large exothermic heat of
formation, but which is not totally sufficient to
carry out reduction of ilmenite metallothermically
out-of-furnace(4). Each reduction reaction would
require a thermal booster plus excess reducing
agent to react with the booster to produce extra
heat. The reaction efficiency will improve with
the reduction of slag/alloy volume ratio. If the
reduction were carried out in an electric arc
furnace, a thermal booster and excess reductant
would not be necessary and therefore the slag
volume would be considerably reduced. Though
furnace production insures greater efficiency,
there is a risk of refractory contaminants.

There is associated with each of these reduction
reactions, a high equilibrium constant(4) in the
temperature range in which the reaction will take
place (1600-18000C). But Ti has a high affinity
for oxygen, which is responsible for equilibrium
inevitably occurring with a high concentration of

*This procedure may prove to be more explosive.

Ti in the slag phase, rather than in the metallic
phase. Two factors which will help decide the
technical feasibility of a reducing agent are its
boiling point and its melting point. A good re-
action is one which occurs above the reductant's
melting point and oelou its boiling point. This
maximizes the activxt of the reducing agent and
minimizes its lose. • 	 to dporization.

The calculations (heat and charge balance) made
for metallothermic reduction of ilmenite are
somewhat crude. It is not -Tactical to burden the
analysis with details which are subject to vari-
ations. Furthermore, for aluminothermic reduction
of complex ores, calculations sometimes become
unrealistic. In commercial practice the right
proportions of the mix'—re are established by
trial reductions on small batches.

In order to obtain a reasonable idea of pro-
duction cost/lb FeTi, all calculations(4) have
been based upon 100 kgs ilmenite concentrate
(Chemalloy Co., Inc. ilmenite composition analysis
as basis - Table I) the stoichiometric quantity of
reducing agent, and 50Z Ti recovery from the
concentrate. The 50% T1 recovery assumption was
based upon the thermodynamics extracted from the
literature and industrial contacts. Economics has
been considered only for those methods which have
been proven thermodynamically feasible. In such
cases the costs have been normalized to cost per
p_,und of FeTi produced.

If a metallothermic process is employed, opti-
mization will involve many variablee(4).

Silicothermic Reduction. Silicon is an in-
efficient reductant for ilmenite and requires an
electric arc furnace. There is enough free energy
to drive the reaction to produce Fe and TiO,(4)m
howaver, reduction of TiO2 by Si (Figures 1 and 3)
involves a positive free energy change. Si is
apparently a very weak reducing agent for Ti
oxides over the entire temperature range of
interest. Even though the presence of iron facili-
tates reduction, the final product is a low Ti-
high Si alloy (i.e., ^,30ZTi, ti30YSi)(10). The
hydriding capacity of FeTi will be hindered by Si
residuals(4). Thus from an overall point of view,
silicon reduction of ilmenite is thermodynamically
unfeasible.

Magnesiothermic Reduction. Magnesium, from a
heat of reaction standpoint is a more efficient
reducing agent than aluminum(13). One of its most
unattractive chracteristics in this application
is its low boiling point (1103°C), since the
smeltirg temperatures will be in the vicinity of
1800% (some Mg will be lost as vapor). 'A s
melting point of pure MgO oxide is 2800°C. The
iron oxide and titanium oxide products are good
fluxes for MgO. Therefore, it is not likely that
any additional flux would be needed to lower the
slag melt point and increase slag fluidity. The
heat generated by Mg oxidation is greater thai
that generated by A1(4). The slag which is composed
of predominantly HgO and TiO is not as massive as
that produced by aluminothermic reduction. A very
important factor to consider when dealing with Mg
powder is safe transport and handling.

Although the technical aspects of the process
make utilizing Mg as a reducing agent undesirable,
the factor that makes it impossible is the economics.
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Good quality rig powder presently coots $2.20/16.
The material cost of Mg/lb FeTi has been listed in
Table II as $1. 90. In calculating this value(4)
excess Pig, which is necessary to react with a
thetr^l booster and possible material loss due to
vaporization,has not been accour, o-ed for. After
calculating all possible costa	 olved using the
out-of-furnace approach, including a marl:-up for
profit and taxes, magnesiothermic reduction will
produce a FeTi alloy at approximately $4.59/lb
(out-of-furnace method).

In an effort to reduce the cost, one might be
inclined to alter the process, to avoid using
costly fine Mg powder in a mixture of powdered
charge materials. Alternatively, magnesium (ingot)
could be melted (in furnace) and the flux-core
mixture top charged into the molten Pig and sub-
seque:ntly allowing the reduction reaction to take
place. Though it may not greatly improve the
technical feasibility,it can improve the economic
feasibility because the current price per pound of
Pig ingot ($.98/lb) is half that of Mg powder. The
approximate cost per pound FeTi produced would
then be approximately $2.26. The actual cost will
undoubtedly be higher because of excessive Mg
volatilization.

Calciothermic Reduction. The most desirable
feature of calciothermic reduction is calcium's
large heat of oxide formation, i-s high equi-
librium constant associated with its reduction of
ilmenite, and its low solubility in Ti metal.
Although these factors meet the criteria for
deciding a material's effectiveness as a reducing
agent, there is much else to be considered. The
boiling point of Ca (1482°C) is below the temper-
ature at which the process will be carried out
(some Ca will be lost as vapor), and its oxide
melting point is 2580°C. The efficiency of a
metallothermic reduction process depends on these
factors. When reducing with calcium, similar
problems will arise, as did when reducing with Pig.
Calcium produces more of a problem because it
rapidly forms an oxide layer in air at room temper-
ature which would interfere with its effectiveness
in reducing ilmenite. Handling and transporting
calcium powder would be hazardous and expensive,
requiring an argon atmosphere.

An estimated calculation was made in order to
obtain approximate material cost(4). The producer
price/lb calcium powder (6 mesh) is currently
$2.13. The cost of calcium per pound of FeTi
produced would be $2.67 without accounting for
excess Ca to react with booster, loss due to
vaporization and dust loss. The thermicity of
this reaction is greater than that obtained by
reducing with either Al or Mg, but is insufficient
to run the reaction. Therefore, the reaction will
require some thermal booster for extraneous heat
and a flux (if necessary) to lower the slag melt-
ing point and increase slag fluidity. The es-
timated alloy cost/lb FeTi produced employing
calciothermic reduction out-of-furnace will be
$6.59 (Tables II and III). An alternate approach
which would reduce the cost of the reducing agent
is to melt Ca (crowns or ingot) and top charge the
flux and ore into the molten Ca. In this case,
the Ca charge could be composed of the cheapest
form of Ca (crowns - 99.5% pure) at $1.49/ib*.

*Chas. Pfizer, Inc.

The cost of Ca/lb FeTi produced would then be
$1.87 (NOTE: this does not account for exceso Ca
additions), and consequently (in-furnace) the ap-
proximate coat/lb FeTi would be $3.91. This
modification wou l d be slightly more technically
feasible and If is hazardous than using Ca powder.
But the high coot of Ca still ekes it economically
unfeasible. Consequently, calciothermic reduction
of ilmenite is neither technically or economically
desirable.

Aluminothermic Reduction. The rose effi°ient
aluminothermic reactions which produce a high
metal recovery occur when a pure oxide is reduced
(subsequently producing alumina clog and metal).
The reactions are very short and therefore a
minimum amount of heat is lost(12). The more
complex the oic is the more it is burdened with
secondary reactions. The slag will contain re-
action products which will absorb a considerable
amount of heat from the reaction and thus decrease
its efficiency. Even though the equilibrium
constant for Al reduction of ilmenite is high, a
low Ti recovery (ti50%) is expected, due to ti-
tanium's high affinity for oxygen. The 50% Ti
recovery assumed was in agreement with a ferro-
alloy producer(14) who due to past experience with
ferroalloy production informed us that a 40-502 Ti
ferrotitanium alloy could be expected by this
method (this implies a X50% Ti recovery from the
ore). Al will reduce FeTiO, to TM (4). Analysis
of the secondary reactions shows some TiO, reducing
to TiO. The thermodynamics illustrates that the
major reactions which take place insure Ti loco in
the slag as oxide and Al residual in the alloy.
The titanium recovery may be somewhat Improved by
reducing with Al in the presence of some nascent
Fe (a good Ti solvent) which will help shift the
equilibrium to the right(15).

An approximate slag and heat balance was cal-
culated(4). The exothermic heat generated by the
reaction is barely sufficient to dissociate the
oxides in the concentrate. Therefore, a large
amount of extra heat will be required to help re-
duce the ilmenite and melt the charge and slag.
Assuming approximately a 30% heat loss in an out-
of-furnace application, the fin:.l quantity of
extra heat which is needed to carry out the re-
duction process must be supplied by an external
heat source (booster or furnace).

A flux addition is necessary to reduce the
Al203-TiO slag melting point and to increase the
fluidity. Lime was considered as the most ap-
propriate flux. CaO is a more basic oxide than
TiO and weakens its bond with Al203, facilitating
a more efficient reduction(10).

The aluminothermic reduction of ilmenite will
take place above the melting point of Al (659°C)
and below its boiling point (1800°C), where Al has
a higher activity, making Al more technically
attractive than any other reducing agent.

A stoichiometrlc Al addition will generally
produce a 5-10% '.'. alloy (as produced by various
ferrotitanium pruducers). As illustrated in
Figure 4, Al greatly reduces the H-capacity of
FeTi. Since the steel industry has little concern
for the residual Al in ferrotitanium, the ferroalloy
industry optimization requires maximizing Ti
recovery. However, since our interests lie in
producing a pure FeTi intermeta?lic compound with
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good hydriding properties, the moot critical
factor involved in its production is the residual
elemento, especially Al. Therefore, optimization
would involve minimization of the Al content,
regardless of Ti recovery. Even if Al residuals
as low as 1-2 wt. % were achieved by optimizing,
the hydrogen storage capacity would be hindered.
Any Ti deficiency could be corrected by adding Ti
sponge during remelting.

Purity of the alloy product is questionable.
Only experimental trials will indicate appli-
cability of this process. It to doubtful that
aluminothermic reduction will produce a pure
enough product for hydriding purposes, even after
remelting and deoxidation.

From an economic standpoint Al reduction of
ilmenite is the least costly, and creates the few-
cot technical difficultieo(4). The total price/
lb FeTi has been estimated (Table II) to be $1.93/
lb FeTi (out-of-furnace method). Alternatively,
in an effort to reduce the coot of Al/lb FeTi
($.34), utilizing Al ingot in place of powder had
been considered. This approach would involve
melting Al ingot in a furnace, and top charging
the ore, flux and thermal booster (mixture). The
high temperature of the Al s;.,,..dd ignite the mass.
Al ingot to $.51/lb, and therefore coot of Al/lb
FeTi to reduced to $.29/lb FeTi. The total esti-
mated price/lb FeTi would then be $1.62.

INDIRECT REDUCTION PROCESSES

Chloride (Kroll) Process

All primary sponge is made by the Kroll (or
closely related Hunter) process. Usually rutile
is chlorinated and the resultant chlorides puri-
fi •d to produce high purity TiClo. The TiCl4 is
Cher. reduced with Mg to form Ti metal and MgCl,
(Na to used as the reductint in the Hunter process).
After leaching or inert gas purging out the tigCl;
the result to Ti sponge which forms the basis of
the metallurgical Ti industry.

It has been well established that ilmenite can
be directly chlorinated and the resultant chlo-
rides purified to produce a TiClo that can be Mg
reduced in a Kroll vessel to produce Ti sponge(16).
Ilmenite will no doubt be the future feedstock for
the Kroll process when rutile runs out.

For the purpose of producing FeTi directly, let
us consider taking the unpurified mixed chloride
product of ilmenite chlorination (TiClo, FeC13,
plus various impurity chlorides) and Kroll educe
that with Mg to form a Fe-Ti alloy sponge. From a
technical point of view it is not completely clear
that this can be done because FeCI 3 first con-
dences as a solid and TiCl4 condenses as a liquid
an that the condensed mixed chlorides will be in a
pasty form that may be hard to feed into a Kroll
reaction vessel. It is felt that the resultant
FeTi alloy will be very inhomogeneous and will
certainly require remelting. A final technical
unknown is the fact that impurity chlorides (e.g.,
those of Si, tin, Mg, V and Al) will be produced
along with TiCl4 and FeCl, during the ilmenite
ch l orination process and will be incorporated into
th. iinal product.

Even if the above technical problems can be

overcome with the chloride process, there remsin
serious economic problems. A coot estimate based
on this procedure to outlined in Table II. The
final estimated FeTi price to high, about $3.00/lb
FeTi. The key problem, of course, to that a
relatively expensive process and relatively ax-
pensive Mg to used to reduce the relatively cheap
Fe component in addition to Ti. Thus, the mixed
chloride process seems to be unfeasible from an
economic point of view, if not a technical point
of view. As will be shown later it offers no
advantages over the direct production of Ti sponge
and the remelting of that sponge with scrap Fe.

Molten Salt Electrolysis

It to possible to produce quality Ti by elec-
trowinning. The process involves the electrolytic
decomposition of TiCl^ in a molten alkaline or
alkaline earth electrolyte(17). No commercial
size cells ar: yet in operation, although oub-
stantial pilot scale experience has been obtained
by the Timet Division of The Titanium Metals
Corporation of America(18). Electrolytic Ti
production hab an advantage over the Kroll process
in that its operating costs are lower. However,
capital equipment coots are significantly higher,
the process requiring carefully constructed, gas-
tight, high temperature cells. When both operating
and capital cost considerations are taken into
account, it is felt that the final selling price
of electrolytic Ti could be about 10% lower than
present sponge made by the Kroll process.

The question at hand is "Could FeTi be made
directly by simultaneous electrolytic co-deposition
of Fe and Ti using mixed TiCl., + FeC1 3 feedstock
from chlorinated ilmenite?" Although it is im-
possible to completely answer this without .xtensive
experimental study, the answer is probably "no"
both from technical and economic points of view.
First,from a technical point of view, it has been
observed that as FeCl, is added to the TiCl.,
feedstock, the resultant electrodeposit becomes
extremely fluffy with a high surface area(18).
Such a structure is subject to corrosion and
oxygen pickup during handling and car even be
prophoricl The homogeneity of such a product is
doubtful and would certainly require remelting.
Finally,with respect to economics, we are saddled
with an analogous problem to •oll production of
FeTi. In this case we are using expansive equip-
ment and expensive electric power to produce the
Fe component of FeTi. It is impossible to make an
sccura t- cost estimate at this time. However, it
seems	 ae,.-iable to assume that electrolytic FeTi,
if technically feasible, would cost at least 90%
of the price of Kroll reduced FeTi, i.e., at least
$2.70/lb.

DIRECT MELTING OF ELEMENTAL Fe AND Ti

All of the FeTi production schemes discussed so
far have components of doubt for technical and
economic seasons. If a large market for hydriding
grade FeTi developed tomorrow,the or.ly certain way
of producing it would be by direct melting of the
elements. In this section we discuss the economics
of melting. In all cases it will be assumed that
the source of the iron would be scrap steel at
$0.05/lb ($100/ton). We will consider both scrap
and primary sponge for the Ti source.
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Melting with Scrap Ti

The melting of FeTi from scrap Ti provides
Interesting problems in terms of scrap mailability
and price. At first glance it would seem that
substantial quantities of scrap are available.
The U.S. titanium industry produces more than 30
million pounds of scrap annually(19). However,
virtually all of this is either recycled in the Ti
industry or used in the steel or aluminum industry
as an alloying element. Furthermore, most of the
scrap is of an aerospace grade and contains a
substantial amount of Al (e.g., the most common
aerospace alloy is Ti-6A1-4V). Because of the
extremely deleterious effect of Al on hydriding
behavior (Figure 4), it appears that the A1-
containing scrap, which probably constitutes more
thaa 902 of the scrap,will be unusable for hydrid-
ing grade FeTi.

The remaining commercial purity (CP) grade scrap
is in high demand and it commands a price premium
over the rest of the scrap. The price of Ti scrap
is rather volatile(4). CP grade scrap must bs
used in the melting of hydriding grade FeTi and
its limited availability would support only a
small level of FeTi production (at most only a few
hundred thousand pounds) before driving the scrap
price to near that of primary sponge Ti.

Cost estimates have been developed, bearing the
above difficulties in mind, for the air induction
melting of scrap Ti and scrap Fe using the 4% rare
earth deoxidation procedure developed earlier in
this contract(2,3). The basic calculations are
shown in Reference 4 and the results outlined in
Table 1I. The results of these calculations are
shown as a function of scrap price (Ti) and
recovery (R)(4). Based on an early 1977 CP scrap
Ti price of $1.55/lb and an anticipated recovery
of 802, a FeTi price of S2.00/lb is calculated.
Again bear in mind this price is artificial and
would rapidly escalate if much additional demand
were put on scrap CP titanium.

Melting with Sponge Ti

In the end i.t appears that the only guaranteed
method of producing multimillic: .aund quantities
of hydriding grade FeTi is the d:aect melting of
primary Ti sponge and scrap Fe. The present U.S.
sponge capacity is on the order of 50 million
pounds per year with substantial additional quan-
tities available as imports from Japan and the
U.S.S.R.(19). At present most plants are operat-
ing below capacity so that a new market of several
million annual pounds of FeTi could be tolerated
without difficulty. If a substantially larger
FeTi hydride market should develop,then new in-
stalled capacity would be required. It would
probably be electrolytic and result in a slightll
lower Ti price (perhaps 10%, as cited earlier).

Price estimates for the production of FeTi from
sponge Ti and scrap Fe are outlined in Table II
for: (a) air melting with mischmetal deoxidation(2,
3), (b) vacuum induction melting in a graphite
crucible(2,3), and (c) consumable electrode,
vacuum arc melting. Calculations are based on
10,000 pound melt sizes. The price we used for Ti
sponge was $2.50/lb [the present published price
ranges from $2.50/lb for imported sponge to $2.75/
lb for domestic sponge(20)]. For the vacuum
melting no mischmetal is required for deoxidation

purposes; h,swever, 19 was added to aid in ac-
tivation(2).

Of the three techniques considered, air melting
is more expensive, -p rimarily because of the rela-
tively low recovery associated with the rare earth
deoxidation technique (see Ref. 2). Vacuum in-
duction and vacuum arc melting are lower in cost
and are almost the same, within the accuracy of
the calculations (on the order of $2.20/lb).
These calculations assume the purchase of Ti
sponge at tie $2.50 from a Ti producer by a melter
who is not a Ti producer. If the melting were
done by one of the major sponge producers (i.e.,
Timet, RMI, or Oremet), some of the profit may be
.Dior►-ed in the primary sponge operation resulting
in a somewhat lower effective markup than the 422
we used. However, it still seems unlikely to us
that a price much lower than about $2.00 for good
hydriding grade FeTi can be expected.

SUDIMARY AND GENERAL CODiMENTS

All of the obvious metiw6 s of producing FeTi
have been briefly examined from technical and
economic points of view. To put things into
perspective, the main results(4) for each method
are summarized and compared in Tables II and III).
The overall picture is pessimistic. The _uwest
FeTi price ($1.64/lb) was obtained with alumino-
thermic reduction, although this result is rather
clouded by the fact that the Al residual lowers
hydrogen storage capacity greatly(4). The only
sure procedures are vacuum induction and arc
melting of primary Ti and scrap Fe which narrow
down to a FeTi price slightly above $2.00/lb.

Although ilmenite ore is very abundant and
fairly cheap, we are dealing with a fundamental
chemical problem of nature - the intensely strong
bond between Ti and oxygen atoms. The energy
required to break that bond is large and therefore
the extractive metallurgy of Ti is expensive, ,just
as it is with all other "energy intensive" metals.
The problem is further complicated by the apparent
fact that good hydriding grade FeTi is not tolerant
of impurities, especially Al and 0.

The solution to this dilemma is not obvious.
There is always hope of a new breakthrough that
will substantially lower the cost of Ti or FeTi
extraction from ilmenite. Within the present
state of the art there is little hope for an
immediate or even long term cost reduction of any
significant size. There are a number of things
that can be examined further: CHo reduction,
perhaps more thorough studies of electrolytic
processes, a metallothermic reduction using a
combination of reductants, quaternary additions to
FeTi to counteract the negative Al effect, etc.
In the end, however, what is needed is a radical
new approach to the extractive metallurgy of Ti.
Nature seems to have made this a very formidable
task.
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Table I

Chemical and Mineral Composition Analysis of Various Ilmenite Ores

Ty ic,-. , Analysis

Chemical Composition* (Wt. %)	 Chemical Composition** (Wt. %)	 Mineral Composition**

T102	 59.8	 % T102 59.54	 Ilmenite & Altered
Fe203	 23.0	 % Fe203 25.11	 Ilmenite	 96.6
FeO	 12.0	 % FeO 9.19	 Rutile	 0.5
Al203	 2.0	 Fe (Total) 24.63	 Zircon	 1.3
5102	 1.2	 Al203 1.18	 Sillimanite	 0.4

Alkaline Earths	 0.05	 CaO 0.08	 Garnet	 0.3
S	 0.03	 MgO 0.88	 Quartz	 0.5
P	 0.05	 SiO2 1.19	 Monazite	 0.4

Mao 0.42	 100.0
V205 0.22
Cr203 0.13
P 201 0.18
Nb 203 0.17
Zr02 0.48
S 0.002
C 0.019
Loss on Ing. (900°C) 1.70

*Chemalloy, Inc., Bryn Mawr, PA.
**N.L. Industries, Inc. [ore source - Quilon (India)].

203



Table II

Production Coot Estimates for FeTt 4 (in $ I.b FeTi

Coat Estimate for Reduction of FeTi by Metallothermic Reduction

Keme'' &

Total	 Deoxi-	 Total	 Final
Material	 Processing	 dation	 Alloy	 42%	 Alloy
Cost/lb	 -Cost/ lb 	 Cost/lb	 Cost/lb- Markup/lb	 Price/lb

	

Proceas	 Outs In s* Out s In*	 Out* In 4l* Out* .n*'^ Out f In** Out* In**

Magnesiothermfc 2.69	 .98	 .13	 .20	 .41	 .41 3.23 1.59 1.36	 .67 4.59 2.26

	

Calciothermic	 4.05 2.09	 .18	 .25	 .41	 .41 4.64 2.75 1.95 1.16 6.59 3.91

	

Aluminothermic	 .81	 .59	 .13	 .20	 .41	 .41 1.35 1.14	 .57	 .48 1.92 1.62

Cost Estimate for Production of FeTi by the Chloride (Kroll) Process

Vacuum Induction
Total Material Processing Melting & Deoxidation Final Alloy

Cost/lb	 Cost/lb	 Cost/lb	 Price/lb

1.00	 .80	 .31	 3.00

Cost Estimates for Production of FeTi by Directs ?felting Fe and Ti

Total Material	 Processing and
Materials	 Cost/lb	 Melting Cost/lb Total Cost/lb Final Alloy Pricejlb

	

Scrap Ti & Fe	 .03 + .462 Ti*** 0.38(Air Melt & 0.41 + 0.462Ti 1.42 .41 + 0.462Ti)

	

5%MM Deoxidize)	 R***	 R

S /
	 Sponge Ti & Scrap Fe	 1.19	 0.42(Air Melt &	 1.62	 2.87

5%MM Deoxidize)

	

Sponge Ti & Scrap Fe	 1.19	 0.31(Vac. Ind.	 1.52	 2.20
Melt & 1%MM De-
oxidize)

	

Sponge Ti & Scrap Fe 	 i.19	 0.37(Consumable	 1.56	 2.26
Elec. Vac. Melt
& 1%MM Deoxid.)

TABLE III

SUMMARY OF FeTi PRODUCTION PROCESSES STUDIED

Estimated
FeTi Price,

	

Technique	 ^$/lb.	 Technical Problems Anticipated

H 2 Reduction of Ilmenite	 --
CO Reduction of Ilmenite	 --

CHo Reduction of Ilmenite	 ?

C Reduction of Ilmenite	 --

Silicothermic Reduction of Ilmenite 	 --

Magnesiothermic Reduction of Ilmenite 2.26*/4.59**

Calciothermic Reduction of Ilmenite 	 3.91%/6.59**

Thermodynamically unfeasible.
Thermodynamically unfeasible.
Probably difficult to control on commercial basis
to prevent TiC formation.
Thermodynamically impractical. Strong tendency
toward TiC formation.
Thermodynamically unfeasible.
High vapor pressure of Mg may make process
impractical or result in very low recoveries.
High vapor pressure of Ca may make process
impractical or result in very low recoveries.
Hi h Al d O r id 1 ill	 b bl 1

Aluminothermic Reduction of Ilmenite 1.62*/1.92** 	 g	
an.. ua s t^	 pro a y ower

hydrogen capacity.
Molten Salt Electrolysis 	 2.70?	 Deposition problems when Ti and Fe chlorides mixed.

Chloride (Kroll) Process 	 3.00	
Impurities may reduce capacity. May be difficult
to handle mixed chlorides.

Air Induction Melting of Scrap Ti	 2.00+	 Requires CP Ti scrap of limited availability
and Scrap Fe
Air Induction Melting of Scrap Fe	

2.87	 Recovery, slag handling, and crucible cleanup.
an ponge( III eoxi at on

Vacuum Induction Melting of Scrap	
2.20	 None.

Fe and Sponge Ti (Graphite Crucible)
Consumable Electrode Vacuum Arc 	

2.26	 None.
Melting of Scrap Fe and Sponge Ti

*Required for an out-of-furnace process (booster substitutes for furnace power).
**Required for an in-furnace process, without booster.
***Variable price of Ti and recovery R.
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STATIONARY HYDRIDE VESSEL OF LARGE DIAMETER-
PROGRAM PLAN

Roger E. Pllings, Ronald L. Woolley and Jack H. Ruckman
Billings Energy Corporation

Provo, Utah 84601

Abstract

A metal hydride vessel of engineering
scale has recently been installed as a peak
shaving component of the BEC "Hydrogen Home-
stead." Operational performance and vessel
behavior are to be computer monitored for a
one-year period. Of particular interest are
heat transfer characteristics and the con-
sequence of hydride packing in a large hydride
vessel with a hemispherical end cap. This
paper discusses planned experiments and opera-
tion of the vessel. Instrumentation debugging
is now proceeding preparatory to the start of
data collection.
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I. INTRODUCTION

Hydrogen provides a common energy
carrier that unites all energy resources
with all energy users. The purpose of the
"Hydrogen Homestead" is to demonstrate
this fact with working hardware. A key
comnonent is a metal hydride storage
vessel. Energy demand in a home fluctu-
ates. Hydrogen production from many ener-
gy resources such as wind or solar energy
is also nonuniform and may cease for sev-
eral days. Storage of hydrogen is thus
an essential part of a successful system.

II. SYSTEM DESCRIPTION

In the first phase of the homestead,
hydrogen will be produced by electrolysis
using electricity generated by hydroelec-
tric, wind, coal, or solar energy (Fiq. 1).

Hydrogen will pass through a water
trap and then flow either directly to the
homestead or into the hydride vessel,
passing first through an oxygen catalyst
and a molecular sieve dryer before enter-
ing. Homestead uses of hydrogen are as
follows: 1) a Cadillac Seville that may
be switched from hydrogen to gasoline
while driving, 2) a Jacobsen lawn and
garden tractor, 3) oven, 4) range, 5)
barbeque, 6) fireplace log, 7) hot water
supplementary heat when solar energy is
inadequate, and 8) a hydrogen boiler to
aid the heat pumps in the winter.

Low grade heat for dissociation of
the hydrogen from the hydride will come
from two sources: solar energy and re-
action heat when the alloy is hydrided.
Both energies will be stored in a 275 gal-
lon (1041 1) water tank for later use.
Water will be circulated continuously be-
tween the holding tank and a belt water
jacket around the hydride vessel midriff
in an attempt to maintain temperature
uniformity at a level consistent with the
solar collectors (approximately 131 0 F or
550 C). Temperature nonuniformity, pres-
sure, tank expansion, and other data will
be monitored and reduced by a BCC micro-
computer.

A specially designed electrolyzer
will produce 3 pounds/day (1.4 Kg/day) of
hydrogen at a pressure of 500 psig (3450
KPa) continuously. At this supply pres-
sure, the hydride will approach maximum
loading even though the temperature is
elevated. Starting from these nominal
operating conditions of elevated tempera-
ture and pressure, the vessel should be
capable of discharging three or more days
of production without additional heat
transfer because of the thermal capacity
of the hydride. Discharge of the remain-
der of the contents will be limited by
the heat exchange rate and by heat con-
duction within the hydride bed.

In order to monitor the temperature

nonuniformity, thez istor probes have
been inserted into the hydride bed and
placed around the vessel periphery. Pros-
sure taps have been placed at four loca-
tions to monitor pressure drop through
the bed. The pressure sensors will also
reveal possible filter clogging.

The pressure vessel (Figure 2) con-
sists of two hemispherical end caps join-
ed by a cylindrical section (internal
diameter=36.5 inches=92.7 cm, internal
max height of bed=46.4 inches=118.4 cm).
This low carbon steel vessel is fitted
with pressure taps, a hydrogen flow
port with a 5 micron filter, a hydride
sample port, a sight glass (Figure 3),
and a loosening jet arrangement at the
base. Approximately 4,000 pounds (1814
Kg) of titanium-iron manganese-alloy is
contained within the vessel (Ti S1 Fe4aMn 5 ). It was activated externally ana
then poured into the vessel at an over-
a173 vessel density of 190 lb/et a (3040 Kg
/m ).

III. EXPERIMENTS

A number of experiments are planned
to define the operating characteristics
of the system and the behavior of the
vessel. These are as follows:

1. Total hydrogen capacity at
equilibrium.

2. Discharge capacity at constant flow
rate (set by flow controller and mass
flowmeter).

3. Change of hydride particle (Fig. 4)
size and activity with time (sample
removed periodically).

4. Pressure drop through the bed.

5. Pressure drop across the filter.

6. Temperature profile within hydride
bed.

7. Temperature gradient on vessel sur-
face.

8. Heat transfer to circulation water.

9. Filter clogging.

10. Alloy mobilization in the outlet gas
stream.

11. Change in tank girth with pressure,
temperature, and hydride packing.

12. Visual observation of hydride motion
and size change.

13. Effectiveness of loosening jets in
breakup of hydride packing and lock-
up.

14. Effectiveness of t.;irculation of heat-
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ed hydrogen in discharging the vessel.

IV. C®NCT.USI®Na

Tests of the metal hydride storage
vessel, a component in the BEC Hydrogen
Homestead, will provide engineering scale
information relative to the use of hydrid-
itig alloy in a pressure vessel. Data on
heat transfer, pressure drop, working ca-
pacity, and changes in vessel dimensions

will be gathered in the program. The
sto.age vessel represents practical appli-
cation of new technology as an important
part of an independent energy system.
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This program is sponsored by the U.B.
Department of Energy under a subcontract
with the Brookhaven National Laboratory.
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HYDROGEN AS A CHEMICAL FEEDSTOCK
(STUDY AND WORKSHOP)

C. J. Huang
University of Houston
Houston, Texas 77004

K. K. Tang
Jet Propulsion Laboratory

California Institute of Technology
Pasadena, California 91103

Abstract

The objective of this study and
workshop is to determine steps which
can, and should, be taken to enable
and encourage a shift in the chemical
Industries from natural gas and naphtha
as hydrogen sources to other energy forms.

Preliminary findings of informal
Interviews conducted prior to the work-
shop are summarizPA for key segments of
the hydrogen market. Plans for the
workshop to be held in December, 1977
are discussed.
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HYDROGEN AS A CHEMICAL FEEDSTOCK
(STUDY 6 WORKSHOP)

1. INTRODUCTION

Current hydrogen use in the U.S. is dominated
by applications in the chemical and petroleum in-
dustries, with a projected annual growth during the
next 25 years of between 6 and 12 percent. The
supply of the traditional hydrogen feedstocks,
principally natural gas, is becoming a problem.
This will tend to increase the market penetration
of hydrogen produced from feedstocks and techniques
leas affected by increasing scarcity and rising
cost. New government energy policies may accel-
erate this trend toward non-traditional sources,
particularly from coal in the near future.

The HEST study quantified the supply and use
of hydrogen in the U.S., developed projections for
the balance of the century, and identified alter-
natives to the present practices. The alternative
High vs Low Merchant to Captive ratios for Hydrogen
Supply scenarios were developed and documented in
Hydrogen Tomorrow (Ch. III and IV). For each in-
dustry, the fractions of hydrogen which could be
supplied as merchant were calculated. This was
done based on extensive contacts with the indust-
ries involved in addition to, and as a basis for,
our own analyses.

The present study is intended to determine
steps which can, and should, be taken (particularly
by the government) to enable and encourage a shift
in the chemical industries from natural gas and
naphtha as hydrogen sources to other energy forms.
This may come about through merchant supplies of
hydrogen, or through shifts in captive production
to the other energy forms. The steps may include
technology enhancement, further analyses or assess-
ments, or recommended regulatory modifications.
The technologies may be in the areas of hydrogen
production, delivery or storage.

The study will interface closely with the
University of Houston Workshop (see Sect. 3), using
the workshop as a data source. It will concentrate
on the chemical and petro-chemical industries but
will consider other users of hydrogen as approp-
riate. Alternative hydrogen production from coal
gasification, electrolysis, and heavy oil will be
considered. For each industry, the needed mixtures
of gases with hydrogen, and the value of hydrogen
purity will be determined, as will the prospects of
biproduct utilization.

It is anticipated that the workshop and study
will identify and lead to approaches for significant
conservation of natural gas and petroleum distill-
ates. Based on the findings and recommendations of
the Houston Workshop, a study contract will be
issued to conduct the in-depth analysis in phase
two during FY'78.

2. PRE-WORKSHOP FINDINGS

A series of informal interviews was conducted
prior to the Houston workshop with various chemical
industry representatives, to gain some insight into
the issues of concern to the industry. The pre-
liminary findings of these interviews are summar-
ized below for several trey segments of the hydrogen
market.

A. AnLom AND METHANOL

Essentially all ammonia and methanol production
In the U.S. uses natural gas as both feedstock and
fuel. Together, these two markets account for about
one-third of the natural gas consumed by the chem-
ical and allied products sector in the U.S., or
3.3% of the total natural gas consumption in the
nation.

The heavy dependence of these markets on
natural gas as feedstock and fuel would lead one
to believe that ammonia and methanol producers must
be busily investigating alternative sources of feed-
stock and fuels. A survey of major ammonia pro-
ducers by the IGT in 1975 revealed that "of the
30 plants responding, half have some concerns about
meeting their natural gas requirements through 1985,
23 have experienced some form of service curtail-
ment or interruption, and 16 have had to alter or
cancel expansion plans because of a lack of natural
gas. Almost half of these plants are developing
background information on other kinds of processes
not using natural gas, but only two are switching
some of their fuel uses to oil."

A survey of major methanol producers by the
IGT revealed a similar response regarding their
natural gas supply situation. The consensus ap-
pears to be that our natural gas production will
not increase significantly in the next decade.
Demand projections for ammonia and methanol, on the
other hand, range from 3% annual growth or higher.
Translated to hydrogen demand, these two markets
may well require twice the present 0.5 quad of
Hydrogen by 1990, at a 6% growth rate.

Our recent interviews with chemical industry
representatives revealed that many economic studies
are underway, particularly in the coal conversion
area. One recently published report (Brookhaven-
Exxon) concluded, on the basis of production ec-
onomics studies, that coal gasification technology
(improved K-T prceess) could become competitive
with natural gas reforming for methanol production
by 1982 and ammonia production by 1989. (A key
assumption made in this report is that the cost of
natural gas and petroleum products will escalate at
1.5% per year over the general inflation rate of
5%.) All of the new ammonia plants announced for
construction by 1985 are based on the use of natural
gas.

In an effort to survey the synthetic fuels
industry, the Koppers Company sent questionnaires
in 1976 to presidents or chief executive officers
of 161 U.S. and 6 Canadian companies or research
organizations, with an interest in coal gas-
ification.

The survey was designed to provide meaningful
answers in the following areas:

• the impact of the energy crisis to date on
each organization

• the interest in alternate energy supply
from coal

• the attitude toward energy allocation by
the federal government

• the interest in government incentives for
establishment of synthetic fuel plants
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The response to Item No. 10 of the question-
naire is of particular interest, as it reflects the
views of industry on the issue of government in-
centives. Of the six types of incentives listed,
the survey revealed the following order of pre-
ference by the respondents:

(1) Accelerated depreciation of facilities
(3-5 years)

(2) Increase of present investment tax credit

(3) Ability to issue tax-free bonds

(4) Loan guarantees by the federal government

(5) Government equalizing prices of sub-
atitute fuels with that of imported oil

(6) Government project financing with pro-
vision for lease to industry

The following comments from chemical companies
may be noted:

"The most important government incentive, in
our opinion, is price protection so that the syn-
thetic gas from coal gasification plants does not
Incur the grave risk of being undermined by sudden
reduction in OPEC oil prices. In conjunction with
this type of price protection from the government,
we feel that issuance of tax-free bonds and in-
creasing the investment tax credit from say 10 to
20 percent would be the most effective incentives
involving minimum subsequent government inter-
ference."

B. COAL LIQUEFACTION

Hydrogenation is a key conversion reaction of
coal liquefaction processes. A coal liquefaction
process, such as the H-Coal process, requires 18,600
SCFT of hydrogen for each ton of coal to be lique-
fied. Since one ton of coal is converted to 4.44
Bble of Syncrude, a liquefaction plant with a daily
capacity of 100,000 Bbls Syncrude demands 419
millions SCFT of hydrogen for hydrogenation, in
addition to 50 million SCFT for desulfurization.
In terms of mass, the hydrogen requirement of a
100,000 Bbl/day Syncrude plant is 2.64 million
pounds per day. If this hydrogen requirements is
to be met by a coal gasification plant affiliated
with the liquefaction facilities, and if the
hydrogen yield from coal is 4.9% by weight, the
amount of coal required for the hydrogen produc-
tion is 24,490 tons per day. Since the liquefaction
facilities convert 22,520 tons of coal to Syncrude,
it means that for each ton of coal converted to
Syncrude, an additional ton of coal would be ex-
panded to generate the necessary hydrogen. If and
when the nation's capacity for coal liquefaction
reaches one million Bbis per day, the annual re-
quirement of hydrogen will be equal to 4 million
tons. This is equivalent to 34.4% of the hydrogen
required for_methanol l2nd ammonia syntheses in the
year 2000. (4.5 x 10 SCF/YR.)

The above figures also indicate that if the
hydrogen requirement of 4 million tons can be met
from other sources, then the coal required for this
purpose can be converted to another million Bbis/
day of Syncrude.

Technologically, coal liquefaction to produce
syncrude has been proven. Its full industrial-
ization is dependent on factors such as:

(1) The nation's industrial capacity of fab-
ricating the necessary process equipment

(2) Code modification for the process equip-
ment

(3) Guarantee for raw material supply and its
price

(4) Guarantee for products sales and prices

(5) Investment finance

C. DIRECT IRON REDUCTYON

At the present time (November 1977), there are
six direct reduction plants in operation in this
country, with an annual production capacity of
1,260,000 metric tons. By 1980 the national cap-
acity will be increased by 900,000 metric tons with
the expected completion of an additional plant in
Texas. Thus in 1980, the direct reduction capacity
in this country will reach 2,160,000 metric tons per
year. In four of the above seven plants, totaling
the annual capacity of 2 million tons the reducing
agents are manufactured by reforming natural gas or
oil. The reductint gas mixture contains 74% hyd-
rogen and it is estimated that approximately 100
pounds of hydrogen is required for each ton of the
reduced product. By 1980, the hydrogen requirement
for direct iron reduction will be 91,000 tons per
year. This amount is relatively small compared with
the other hydrogen requirements such as ammonia or
methanol production. It is noted that a direct
iron reduction plant becomes economically not com-
petitive if its capacity goes beyond 1,000,000 tons
per year. Furthermore, the national capacity of
direct reduction is not expected to grow substant-
ially in this country. For these reasons, the
hydrogen consumption in this industrial sector is
not significant. In contrast with the slow develop-
ment in the U.S., Venezuela will expand its cap-
acity for direct reduction from the present 1
million tons to 5 million tons a year in 1980.

D. PETROLEUM REFINING

Petroleum refining consumes approximately 47%
of the total industrial hydrogen consumed in this
country. Even though it is the largest sector in
the hydrogen supply/demand picture, there seems to
be a lack of fairly accurate quantitative data
available. A petroleum refinery is a producer as
well as a consumer of hydrogen and therefore it
does not, in general, report its demand/supply data
to the outside. This is a major reason for the
lack of quantitative data. Furthermore, the
hydrogen consumption in a refinery is determined
by complicated and inter-related factors such as:
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(1) Quantity of crude oil processed

(2) Quality and source of crude oil processed

(3) Refining processes

(4) Prod4e.-mix

(5) Environmental constraints

Each petroleum refinery seems to have its own un-
ique set of the above factors influencing its re-
fining operation, and consequently its hydrogen
requirements. However, as a good approximation to
determine the national demand in this sector, it
may be assumed that the catalytic reforming in re-
fineries supplies enough hydrogen to meet the
demands for desulfurization of light distillate
and other minor hydro-treating operations. And
that the hydrogen consumed by gas oil desulfur-
ization, residue desulfurization and residue hydro-
cracking will be supplied with merchant hydrogen or
specifically installed hydrogen production units
such as steam reformer of natural gas or oil. There
is another reason for the special hydrogen produc-
tion units to supply hydrogen to these three
operations. The processes require a hydrogen
stream of high concentration (up to 95% purity)
whereas the hydrogen stream from a conventional
catalytic reforming unit is only 70 or 80% purity.
The hydrogen requirement for these three refining
processes, as reported in the Brookhaven-Exxon re-
port, is approximately 2.75 million tons of hydrogen
a year in 1990. The estimate is also based on an-
other assumption that the residue treatment process-
es are characterized by "carbon removal" rather
than "hydrogen addition". A definitive study of
hydrogen requirements for petroleum refining
operation is not available in the literature.

E. FUEL CELL ELECTRICITY GENERATION

Conversion of fuels to electricity by means of
fuel cells can be accomplished in a highly efficient
and environmentally acceptable manner. Two major
areas of application are envisioned for fuel cells.
Large multi-megawatt fuel cell power plants may be
constructed within electric utility networks to
complement large-scale systems. The generation
needs of small private and public utilities may be
provided by these power plants. Smaller size fuel
cells may be installed at building locations to
provide integrated electric and thermal service for
commercial and industrial complexes. There are
varying estimates of the market for liquid and gas-
eous fueled electric generation equipment. Its
market growth is estimated to be in a range of 5%
to 6.7X.

The penetration of fuel cell power plants
into the market is clouded by uncertainties aesoc-
iated with the growth rate. Nevertheless, a
specific market, i.e., replacement of retired
generation plants in areas of fuel shortage and
critical environment, appears extremely attractive.
It is estimated that the market for fuel cell power
plants will be largest in private utilities,
followed by the on-site integrated energy system
for commercial and industrial complexes. An
estimate for the total fuel cell market for the
five year period of 1980-1985

is between 26.800 and 82,300 MW. The annual demand
of hydrogen required for these fuel cell plants is
estimated to be between 2.4 x 10 12 SCF to 6.9 x 1012
SCF. This is indeed a tremendous market for
hydrogen, comparable to that needed for manufactur-
ing ammonia and methanol.

Several other attractive benefits are
associated with fuel cell application for power
plants but its technological and economic feas-
ibility should be demonstrated for commercial -scale
facilities.

F. FOOD INDUSTRY

In the food industry, hydrogen is mainly used
to hydrogenate fats and oils. The hydrogen re-
quirement is rather small, approximately 27,000
tons per year. This hydrogen market has the follow-
ing unique features:

(1) Demand per plant is small, from 50 to
1,000 MSCF/day/plant

(2) High purity hydrogen is required with
pressure range of 60-200 psig

(3) Hydrogen cost is insignificant in deter-
mining the final price of the products.
(Thus, the industry is more concerned
with its steady and easy access to
hydrogen than with the hydrogen cost
itself.)

(4) Since hydrogen is not produced within
its manufacturing processes, it is sup-
plied by small-scale hydrogen production
units on-site or by purchasing merchant
hydrogen

(S) Hydrogenating plants are located across
the country, currently there are 50
plants in 20 states

3. WORKSHOP PLANS

The University of Houston has received a
grant from ERDA to conduct a workshop on the "Supply
and Demand of Hydrogen as Chemical Feedstock" on
December 12-14, 1977, at the University. The work-
shop is being organized by Dr. C. J. Huang,
Professor of Chemical Engineering.

The objectives of this workshop are:

(1) to assess and predict the present and
future demand and supply of hydrogen as
a chemical feedstock,

(2) to discuss and evaluate the available
technology and economic feasibility of
manufacturing hydrogen from sources other
than oil or natural gas

(3) to develop implementation scenarios and
to formulate recommendations for obtain-
ing chcmical raw material hydrogen from
sou:ees other than oil or natural gas
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Approximately sixty participants, including
some from outside the U.S., have been invited.
They include executives, plant managers, economic
planners and process engineers from the:

• Oil refining industry

e Petrochemical industry

• Agricultural chemicals and other industry

i Potential hydrogen supplier industries

• Independent engineering consultants

• Chemical plant engineers and constructors

s Academic and non-profit research organ-
izations

® Government agencies

A preliminary conference was held in September
1977 to work out the details of the workshop pro-
gram. There will be a total of six sessions, ciith
short papers on various key issues to be presented
for discussion by all participants. The final
session will conclude with recormendations on the
future supply of hydrogen as chemical feedstock,
following detailed discussion of alternative
scenarios and their technical and economic feas-
ibility. A report on the workshop will be sub-
mitted to ERDA by April 1975.
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IMPLEMENT SOLAR ENERGY

T. Fujita, C. Miller, K. H. Chen
G. Voecks and W. Mueller
Jet Propulsion Laboratory

Pasadena, CA

Abstract

As the first phase of a study to explore the use of hydrogen energy systems to implement solar
energy, potential roles are broadly identified in terms of future markets and the formulation of implemen-
tation scenarios. By converting solar energy to hydrogen, an energy pathway is created whereby solar
energy can supply major new markets comprising (1) production of chemicals such as ammonia and methanol,
(2) total energy/cogeneration, (3) synfuel/chemical feedstock production, (4) direct fuel uses, and
(5) other small but important uses such as ore reduction. These new market opportunities for implementing
solar energy are predicated primarily on the unique role of hydrogen as a key element in the chemical/
industry sector.

Implementation of solar-hydrogen systems to fulfill these new markets is analyzed in terms of key
issues. By considering the renewable fuel era (estimated to start in x 2030), where fossil sources are
sharply declining, a critical and major role for hydrogen systems is identified. In the absence of fossil
fuels, the survival of our entire hydrocarbon-based chemical industry requires use of solar (or other non-
fossil sources) to generate hydrogen from water. The key issues then revolve about developing and imple-
menting solar--hydrogen systems to effect a smooth transition directed toward fulfilling this ultimate
role. Issues governing implementation include conservation t , licies, possible environmental impacts from
carbon dioxide generated from continuing accelerated usage of fossil fuels, and emergence of large markets
for byproduct oxygen. These issues are addressed in terms of their potential for accelerating implementa-
tion of solar-hydr,)gen systems.
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I. Introduction

A major thrust in the Department of Energy's
(DOE) overall program is to develop and support
Implementation of solar energy systems to conserve
rapidly depleting natural gas and petroleum
reserves. By combining solar energy with hydrogen
systems, new possibilities may be uncovered which
could enhance the implementation of solar energy.
In such solar-hydrogen energy systems, solar energy
is used to generate hydrogen from water. This
hydrogen is then transmitted, stored, and used in
myriad ways, e.g., it can be used as a fuel to gen-
erate electrical energy or as a chemical feedstock
to produce ammonia and methanol.

The overall objective of the present effort is
Lo examine roles for solar-hydrogen systems as a
basis for projecting which roles are likely to be
fulfilled and in what sequence. Emphasis is placed
on roles which utilize unique characteristics of
hydrogen systems since these roles are considered
to have a greater likelihood of being implemented.
That is, unique roles are capable of creating new
opportunities for enhancing the implementation of
solar energy.

A. Approach

As shown in Fig. 1, the effort is divided into
two phases and the present paper covers only the
first phase which was completed in FY77. This
Phase 1 activity identifies potential roles for
solar-hydrogen systems. The follow-on Phase 2
effort will examine solar hydrogen systems in terms
of practicability and required technology develop-
ment to fulfill the roles identified in Phase 1.

The approach to identifying roles/options
involved the delineation of future markets in terms
of potential size as a function of time. Then,
implementation scenarios were formulated in terms
of timeframe, key issues, and alternatives.

A basic premise for the Phase 1 effort is that
technology for both solar and hydrogen systems will
be successfully developed and that goals in terms
of performance and cost will be achieved per present
development program schedules. The identified roles
and implementation scenarios from Phase 1 only show
potential for solar-hydrogen systems and do not
address the likelihood of achieving this potential
or consider ultimate efficiencies.

The Phase 2 effort (Fig. 1) will examine sys-
tem options primarily in terms of technology status
and associated uncertainties in projected costs and
performance. The effect of these uncertainties on
expected implementation will be evaluated in
terms of estimated R&D requirements (both time and
funds) and relative technical risks. Basic steps
involved in the Phase 2 activity and their inter-
action are depicted on Fig. 1. The technical devel-
opment activities which will potentially provide
the greatest contribution toward implementation of
solar-hydrogen systems will be delineated to serve
as an input for DOE's Hydrogen Storage Systems
program.

B. Scope

Solar energy systems are in a very early stage
of development and are not commercially compet-
itive with fossil and nuclear systems for large

219

scale power generation. The rate of implementation
of solar energy systems will be governed by deple-
tion rates (and associated price escalations) for
fossil fuels, the viability of solar systems vis-a-
vis other renewable or large energy source alterna-
tives such as nuclear fusion, ocean thermal gradi-
ent geothermal, etc., and the degree of success in
developing solar energy systems tailored to meet
application system/end-use requirements.

The implementation of solar energy systems and
in particular solar-hydrogen systems is therefore
dependent on the complex interrelations of overall
energy usage and the evolving policies which will
govern this usage. Projections of energy usage
range from simple extrapolation of current use pat-
tern and growth rates to reduced consumption based
on conservation and development of more energy-
efficient systems and processes.

Within the scope of the present study, the
many different energy futures and their complex
ramifications on implementation of solar-hydrogen
systems cannot be assessed in detail. The effort
is thus limited to the well-established energy
futures which were previously used as the basis for
projecting hydrogen demand (Ref. 1). The rationale
inherent in these futures provides a framework
within which specific issues relating to implemen-
tation of solar-hydrogen systems can be analyzed.

The energy futures employed in Ref. 1 stressed
conservation of fossil resources by use of techni-
cally improved and more efficient devices and the
shifting of energy sources from natural gas and
petroleum to coal and nuclear energy. The futures
covered a period up to the year 2000 during which
depletable resources of natural gas, petroleum, and
coal play major roles. Renewable sources such as
solar energy will of necessity assume the dominant
role when these depletable sources become scarce.
Baseline projections of solar energy implementation
to the year 2020 for the present study are derived
from ERDA-49 (Ref. 2).

Thus, when identifying roles for solar-
hydrogen systems, it is necessary to extend the
energy futures of Ref. 1 and look beyond the
depletable fossil fu,al era. Within the scope of
the present study, major roles that were identified
for solar-hydrogen systems in the post fossil or
renewable fuel era could only be explored in terms
of basic first order considerations; however, the
existence of potentially major roles in the post
fossil era provides a perspective regarding tech-
nology development activities. The development
effort during the fossil era should be regarded as a
transitional phase where specific activities will-be
ordered to provide a smooth transition in meeting
the requirements of the post fossil era.

II. Solar-Hydrogen Systems

A solar-hydrogen system is herein defined as
a system where solar energy is collected and used
to generate hydrogen which is then transmitted,
stored, and supplied to end-use markets.

A. Utility Hydrogen Energy Storage

Hydrogen energy systems were initially
directed primarily towards being an energy



transmission and storage medium for electric utili-
ties (Ref. 3). The basic system is shown in Fig. 2
(Ref. 4). Off-peak utility power in the form of
electricity and/or heat is used to decompose water
into hydrogen and oxygen. The hydrogen can then be
stored and used in fuel cells or turbines to gener-
ate electrical energy during peak power demand
periods. As indicated on Fig. 2, the byproduct
oxygen can be either sold to oxygen users or used
as the oxidant for the fuel cells and turbines.

A major feature of this storage system is
flexibility with regard to the location of compo-
nents. For the usually considered case of electro-
lytic decomposition of water, the electrolyzer can
be located near available water since electrical
onergy can be supplied from the central power plant
via electric transmission lines. The hydrogen can
then be transported in pipelines to another site
-such as an underground storage reservoir. From the
storage reservoir, the hydrogen can again be piped
to a conversion plant located, e.g., within the
load center.

B. Solar Energy Systems

Solar energy systems encompass a wide spec-
trum which is broken down into the following two
basic categories (Ref. 5):

O Natural Collection - Indirect Use
• Photosynthetic processes in plants
• Generation of winds and waves
• Creation of ocean thermal gradients

O Engineered Collection - Direct Use
O Conversion of photons to electricity
O Conversion of insolation to thermal

energy
- Use for heating needs
- Convert to electricity via heat

engines
O Thermionic

All of the above methods of collecting solar
energy are being pursued (Ref. 6). Biomass systems
are based on photosynthetic processes. Programs to
use wind power and ocean thermal gradients to gen-
erate power (OTEC - Ocean Thermal Energy Conver-
sion) are underway (Ref. 2). Engineered collection
systems are focused on photovoltaic systems
(photons to electricity) and solar thermal power
systems. A 10 MW solar thermal power plant is
presently being developed for installation at
Barstow, CA. The concept involves a central
receiver mounted on a tower. A field of two-axis
tracking mirrors (or heliostats) reflects energy on
the receiver in which steam is generated. The
steam is then used to power a steam power plant as
shown on Fig. 3.

C. Solar-Hydrogen Production Pathways

The solar-hydrogen production pathways corre-
sponding to natural and engineered solar collection
systems are presented on Figs. 4 and 5, respec-
tively. For natural collection systems of Fig. 4,
the photosynthesis process embodies several
options. First, the green plants, produced from
photosynthesis can be either burned directly to
produce heat or they can be processed (chemical
conversion) to form products such as methanol which
can be used as a fuel for combustion or a chemical
feedstock. The thermal energy of combustion can
be used to drive either a thermochemical plant
which uses heat to split water via a series of

dosed loop chemical reactions or a power conver-
sion (heat engine) system to produce electrical
power which is fed to an electrolysis plant.

The pathway for wind power involves only elec-
trolysis since the energy is initially in mechani-
cal form. The OTEC plant uses small differential
temperatures of -20°F to drive a heat engine cycle
which is coupled to an electrolysis plant. The
wind power plant can employ storage such as bat-
teries or flywheels to smooth out wind speed vari-
ations and thereby allow the electrolysis plant to
be sized for operating loads that are lower than
peak wind energy loads. The OTEC plant is expected
to generate a steady load so that storage ahead of
the electrolysis plant is not needed.

For engineered collection systems (Fig. 5),
the photovoltaic plant directly converts solar
energy to electricity and is therefore coupled to
an electrolysis plant for hydrogen production.
Solar-thermal plants have two optional pathways
involving power conversion - electrolysis or
thermochemical plants. Photolytic plants capture
photons and directly split water via electrochemi-
cal processes. Compared to the photovoltaic
approach, the intermediate step of generating elec-
tricity is avoided, but the photolytic approach is
in the early research stage, whereas photovoltaic
and solar-thermal systems are in the development and
design phase. The thermochemical plant is also con-
sidered to be in the early research stage.

D. Basic Roles for Hydrogen Systems

After hydrogen is produced from solar energy
via any of the spectrum of pathways shown on
Figs. 4 and 5, the major role of hydrogen systems
involves energy storage and transmission of energy
to users as illustrated on Fig. 6. For the system
on the upper portion of Fig. 6, electricity is
generated on the outskirts of the load center and
the electrical distribution network is used to
transmit energy within the load center. A portion
of the hydrogen is also supplied to large indus-
trial users. For the system on the lower portion
of Fig. 6, hydrogen is distributed via pipelines
within the load center and electricity is gener-
ated by small substations within the load center
where waste heat from electrical production can be
used to meet heat loads.

In the context of large scale implementation
of solar energy, two features of hydrogen systems
are particularly attractive. Pipeline transmis-
sion coupled with underground gas storage has
potential for achieving low-cost, long distance
delivery of energy (Ref. 4). As shown on Fig. 7,
the region of highest insolation is in the South-
west and this energy could be transported to major
load centers via hydrogen pipelines with storage
accomplished in underground reservoirs which gen-
erally exist near major load centers. Present
underground natural gas reservoirs as shown on
Fig. 7 will become available for hydrogen storage
as natural gas is depleted and additional new
reservoirs could be found and/or developed.

III. Future Markets

The primary thrust of present engineered solar
collection system programs is to supply heat and
electrical energy markets. Hydrogen energy systems
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permit solar energy to supply major new markets as
shown on Fig. 8.

A. Chemical Markets

Hydrogen is a basic feedstock for producing
essential chemicals such as ammonia for fertilizers
and methanol for the plastic industry. It also has
a major role in petroleum refining. As indicated
in Ref. 1, this market accounts for .90,'. of present
hydrogen usage which is of the order of
-3 x 1012 SCF/year.

Over -70% of present hydrogen requirements are
supplied by natural gas via steam reforming. As
natural gas reserves become depleted, shifts to
other sources such as coal are anticipated. As
governed by conservation policies, environmental
impacts, and related issues, solar may initially
make some penetration into this market.

For both coal and solar, the possibility of
supplying this chemical market via externally-
generated merchant hydrogen exists. That is,
hydrogen can be generated in large coal or solar
plants and then be shipped via pipelines to indus-
trial users. A factor which could stimulate a move
toward merchant hydrogen is the possibility of cap-
ital cost savings for chemical plants via removal
of equipment associated with the captive (on-site)
hydrogen generation. As shown on Fig. 9, a major
portion of present ammonia plants is associated
with the generation of hydrogen and nitrogen. If
external hydrogen is supplied, this equipment
(inside the dashed box) can be removed and this
will reduce capital costs by -50%. A nitrogen
plant will have to be added, but a substantial net
cost savings will result.

B. Total Energy/Cogeneration

The use of total energy and cogeneration sys-
tems, where electrical and heat needs are provided
by an on-site conversion plant, is being pursued
by DOE since high overall energy efficiencies are
possible. Basically, the reject heat from electri-
cal generation is used for heat needs and detailed
matching of heat and electrical loads is required.
Cogeneration and total energy both involve the con-
cept of reject heat utilization, but cogeneration
has the added flexibility that part of the electri-
cal power generated on-site can be supplied to the
utility grid.

The near term emphasis for total energy/
cogeneration systems involves the use of fossil
fuel energy. The use of on-site solar-thermal total
energy systems is also being investigated (Ref. 7).
The solar-hydrogen pathway can provide several major
advantages. The on-site location of a solar-
thermal total energy system requires substantial
land area for solar collection and this could rule
out some potential applications, particularly in
crowded industrial centers. With solar-hydrogen
systems, the solar collection plant can be located
at an off-site location while the more compact
energy conversion components can be located on-site.
Hydrogen can be supplied via pipelines from the
solar collection plant to the industrial or com-
mercial use site. Hydrogen can also be stored,
e.g., in underground reservoirs, and when fossil
fuel reserves become depleted, total energy/
cogeneration plants using fossil fuels can be con-
verted to use solar-hydrogen.

Markets for total energy/cogeneration systems
are shown in Table 1 (Ref. 8). The process heat
requirements listed in 'fable 1 could be supplied
by reject heat from ele,:trical generation, where
the reject heat must be supplied in the application
temperature range shown. As shown in Table 2,
hydrogen/oxygen and hydrogen/air fuel cells and gas
turbines can furnish reject heat temperatures suit-
able for a large portion of the process heat needs
of Table 1.

C. Synfuel/Chemical Feedstock Production

As natural gas and petroleum reserves are
depleted, fossil sources such as coal, oil shale,
tar sands, and also biomass can be processed to pro-
duce synfuels. Processes for synthetic natural gas
(SNG) and liquid fuels require hydrogenation since
the source feedstocks are hydrogen deficient in
relation to the output product. A sizable fraction
of the synfuel process is therefore devoted to the
production of the required hydrogen using the
source feedstock as an energy source.

If the required hydrogen were supplied from
an external solar-hydrogen source, the capital
costs of the synfuel plants could be reduced.
Additionally, the product yield per unit feedstock
source would increase and carbon dioxide emissions
would be reduced. These benefits are presented
on Table 3 for coal-based processes. For the same
product yield, coal savings of the order of 50% to
602 are indicated for SNG and synthetic gasoline
production. The reduction in carbon dioxide emis-
sions is approximately the same as the coal sav-
ings. Substantial capital cost savings of at least
35% are indicated for these two processes. Lesser
but significant savings of the order of -8% accrue
to the process for producing solvent refined coal
(SRC).

Process diagrams for the SNG and liquid fuel
(I. G. Farben) processes are shown on Figs. 10 and
11, respectively. It is indicated that substantial
portions of the process plant can be removed when
external hydrogen is supplied. The economic via-
bility of using external hydrogen is of course
governed by the cost of this hydrogen. However,
the prospects of substantial savings in both cap-
ital and feedstocks tend to push for earlier entry
of external hydrogen.

D. Direct Fuel Uses

Hydrogen from solar can also be supplied for
direct fuel uses such as industrial process heat,
transportation, and commercial/residential needs.
When fossil fuels are in relatively plentiful sup-
ply, solar-hydrogen can only make a small penetra-
tion since it is more costly. Use of some hydrogen
as a fuel is a possibility for uses requiring clean
burning/low air pollution.

As fossil sources such as natural gas become
scarce, hydrogen can potentially serve as a
replacement where competitors will be other syn-
fuels. The penetration of solar-hydrogen into the
direct fuel market could initially be accomplished
in a gradual manner by using hydrogen to supplement
natural gas as shortfalls develop.

E. Other Small Uses

Hydrogen is needed for numerous small but
important markets such as ore reduction, reducing
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agent, heat transfer fluid, etc. When fossil
sources for hydrogen production are no longer avail-
able, solar-hydrogen systems can supply the needed
hydrogen to sustain these markets.

F. potential Narket for Solar-Hydrogen

The potential new markets for solar energy via
hydrogen sytems are dominated by chemical industry
requiremento. In the Hydrogen Energy Systems Tech-
nology (HEST) study of Ref. 1, projections of
hydrogen demand were made for a Reference projec-
tion based on the Ford FTFB scenario (Ref. 9). For
this Reference projection a high merchant supply
option was formulated where energy policies based
on conservation would tend to stimulate earlier
introduction of solar (renewable) sources.

Results of projections for solar-hydrogen
based on this HEST projection are shown on Fig. 12
as additions to solar projections for other markets
per MA-49 (Ref. 2). It is seen that the poten-
tial solar-hydrogen markets (dashed lines) repre-
sent a substantial increase in the solar market.
It is noted that the energy shown on Fig. 12 is in
terms of source energy or the solar energy that has
to be supplied. The actual energy delivered to the
end use is a fraction of this energy as determined
by the system efficiency.

In projecting solar-hydrogen to the year 2020,
it was assumed that solar would displace all of the
natural gas while assuming half of the percentage
burden carried by petroleum in the year 2000. These
trends follow from the expected depletion of natural
gas and petroleum. It is noted that solar com-
prises -1%, -10%, and -3U% of the total source
energy in the years 1985, 2000, and 2020, respec-
tively. This provides a measure of the anticipated
development timeframe for solar and the logical
increase in implementation rate as fossil reserves
decline.

IV. Implementation Issues

The rate at which solar-hydrogen systems
will be implemented to fulfill the identified mar-
kets depends on three key issues which are:
(1) the timeframe, since availability of fossil
fuels is declining, (2) existence of markets for
byproduct oxygen, and (3) environmental impacts
associated with an increase in atmospheric carbon
dioxide.

A. Fossil Fuel Era

During the fossil fuel era, where fossil
sources are dominant, the primary candidate energy
sources are fossil, nuclear, and renewable/
nonfossil. Energy carriers include electricity,
hydrogen, and fossil fuels. Major end use cate-
gories are electric utilities, chemical industry,
and fuel requirements.

The primary and secondary pathways for hydro-
gen during this fossil fuel era are shown on
Fig. 13. The primary pathway involves the use of
fossil fuels to generate hydrogen for use in the
chemical industry. This pathway employs well-
developed technology and is the most economical as
long as fossil sources are available.

The secondary pathway involves nuclear and
renewable sources with the possibility of some sup-
plementation of natural gas in the latter portion
of the fossil fuel era. This coincides with the
projection- of Fig. 12, where solar (renewable)
sources begin to penetrate the market after 1985
and grow rapidly only after the year 2000.

B. Renewable Fuel Era

In the renewable fuel era (estimated to start
in 2030) where fossil sources are no longer domi-
nant, a critical pathway involving hydrogen energy
systems is identified on Fig. 14. In the absence
of fossil fuels, the survival of our hydrocarbon-
based chemical industry requires hydrogen from
water and carbon from sources such as biomass/waste
recycling. Thus, hydrogen systems provide a vital
energy pathway between solar and other renewable
energy sources and the chemical industry.

The identification of a critical future need
for hydrogen systems using solar and other non-
fossil sources provides a basic framework for a
coherent development program and implementation
plan. The development and implementation sequence
can be structured to provide a smooth transition
directed toward ultimately fulfilling the essential
role of hydrogen systems in maintaining our
chemical-based industrial complex.

As shown in Fig. 14, fuel requirements can be
met by either hydrogen or other synfuels. However,
hydrogen is required for production of synfuel.
Hence, hydrogen systems also play a critical role
with regard to satisfying fuel requirements.

C. Markets for Byproduct Oxygen

When hydrogen is produced via the decomposi-
tion of water, oxygen is formed as a byproduct.
If this byproduct oxygen could be sold as a mer-
chant gas, the costs of the solar-hydrogen system
can be spread over both hydrogen and oxygen. The
net effect will be a lower cost for hydrogen pro-
duction and an associated greater market
penetration.

As shown in Table 4, the potential market for
merchant oxygen is projected to grow rapidly.
Large new markets for waste water treatment and
synfuel/feedstock production are identified. The
byproduct oxygen associated with projected solar-
hydrogen (Fig. 12) can satisfy a substantial por-
tion of the oxygen demand as shown on Fig. 15.
Thus, it appears that byproduct oxygen from solar-
hydrogen systems can be sold at prices competitive
with alternative sources of oxygen production such
as air separation plants.

D. Increase in Atmospheric Carbon Dioxide

Potentially large and catastrophic environ-
mental impacts are possible as a result of contin-
ued growth in atmospheric carbon dioxide concen-
tration associated with fossil fuel usage (Refs. 10,
11, and 12). Based on detailed measurements of
atmospheric carbon dioxide since 1958, a 13% in-
crease has been observed.
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For over 100 years, carbon dioxide emissions
have increased at the rate of -4.32 per year. The
consequence of continued carbon dioxide emission is
an increase in climatic temperatures which can cause
impacts such as relocation of agricultural regions
and melting of polar ice caps. When polar ice caps
melt, there will be a rise in sea level and a modi-
fication of the shoreline.

Regarding this problem, society is faced with
two choices. Fossil fuel rates can be allowed to

grow until impacts force a change. This involves a
risk since the adverse effects will probably persist
for long periods of time. The other course of
action is to modify fossil fuel usage to control the
severity of the impacts. This would require earlier
usage of more costly renewable source energy sys-
tems for which solar-hydrogen systems could play a
major role. This substitution would enable fossil
sources to be used under conditions which would
greatly reduce carbon dioxide emissions (e.g.,
Tablc 3).
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Table 1. Markets for total energy/cogeneration

SUMMARY OF PROCESS HEAT DATA BASE BY INDUSTRY* AND PROCESS TEMPERATURE REQUIREMENTS

PROCESS HEAT
INDUSTRY	 1012Btu&R,

MINING 129.00
FOOD & KINDRED PRODUCTS 319.00
TOBACCO PRODUCTS 1.40
TEXTILE MILLS 116.00

LUMBER & WOOD PRODUCTS 172.00
FURNITURE 12.00
PAPER & ALLIED PRODUCTS 1,093.00
CHEMICALS 534.00

PETROLEUM PRODUCTS 2,640.00
RUBBER 9.70
LEATHER 2.50
STONE, CLAY & GLASS 991.00

PRIMARY METALS 3,770.00
FABRICATED METAL PRODUCTS .03
ELECTRICAL EQUIPMENT 1.60
TRANSPORTATION 24.00

TOTAL	 9,815.00

APPLICATION TEMPERATURE
REQUIREMENTS,. -F

250-2500
100-550
— 220

200-275

212-300
70-150
150-1900
80-2200

250-1600
250-425
85-140
120-3300

100-2700
130-850
150-1700
250-2650

*REF: INTERTECHNOLOGY CORP, 1974 SURVEY

Table 2. Potential for total energy/cogeneration

WASTE HEAT AMOUNT AND LEVEL FOR H2 FUEL CELLS AND TURBINES

tVASTE HEAT
% HHV OF H2

1-12102	 H2/A I R

56	 58
49	 53

40	 43

53 55

40 — 47 -%. 55

WASTE HEAT
TEMPERATURE OF

325 w 375
250	 (1)

ROOM TEMPERATURE (1)

(2)
1100

110 -- 770(3)

® FUEL CELLS
AC  D ELECTROLYTE

® STATE OF ART
• FUTURE

® BASIC ELECTROLYTE
• FUTURE

MOLTEN CARBONATE-
SOLID OXIDE

• FUTURE

TURBINES

(1) JPL ESTIMATES
(2) FROM ATOMICS INTERNATIONAL
(3) BASED ON OPERATING CONDITIONS FROM NASA LeRC
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Table 3. Synfuels production

POTENTIAL SAVINGS VIA EXTERNAL SOLAR-HYDROGEN
(COAL- BASED PROCESSES)

CAPITAL COST
PROCESS	 COAL SAVINGS, %	 SAVINGS, %

(ALSO CO2 REDUCTION)

i KOPPERS-TOTZEK
(SNG)	 - 60	 3501

® SOLVENT REFINING
(SRC)	 ~ 8	 9

® I. G. FARBEN
(GASOLINE)	 -50	 40-68(2)

(1) INCLUDES EXTERNAL OXYGEN SAVINGS OF - 31%
(2) RANGE BASED ON TECHNOLOGY STATUS

Table 4. Potential merchant oxygen market

PROJECTED CONSUMPTION, 109 SCF

PRESENT MARKETS 1972 1978 1985 2000

• STEELMAKING 251 289 342 488
• METAL FABRICATION 42 51 64 105
• CHEMICAL INDUSTRY 61 80 115 238
• OTHER/MISCELLANEOUS 4 25 54 108

SUBTOTAL 358 445 575 939

NEW MARKETS

• WASTEWATER TREATMENT -- -- 41 2,190
• SYNFUEUFEED STOCK PRODUCTION

LIQUID FUELS (SLF) -- -- 165 1,237
GASEOUS FUELS (SNG) -- -- 260 2,184

• DRINKING WATER PURIFICATION -- -- -- 61

SUBTOTAL -- -- 466 5,672

TOTAL 358 445 1,041 6,611
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SOLAR-CHEMICAL ENERGY CONVERSION AND STORAGE:

CYCLOHEXAnE DEHYDROGENATION

Arthur B. Ritter, George B. DeLaneey,
James Schneider and Harry Silla

Department of Chemistry and Chemical Engineering
Stevens Institute of Technoloqy
Hoboken, New Jersey 07030

Abstract

The concept of storing excess Thermal Energy as chemical bond
energy and the subsequent recovery of this energy on demand by utilizing
reversible catalytic chemical reactions shows great promise from an en-
ergy density point of view. In the intermediate temperature range (400-
800°F) the cyclohexane-benzene reaction appears to be the most appro-
priate. While this reaction has been extensively studied in the
exothermic direction, little useful design data exists for the endothermic
reaction. !le have studied the apparent kinetics of the gas-phase catalyt-
ic decomposition of cyclohexane to benzene in an internally recirculated
(gradientless) reactor over the temperature range 400-600°F. At low
space velocities (high conversions) a maximum of 0.2% of the product
formed in a single pass over a commercially available naptha reforming
catalyst is side products which may or may not be reversible. At high
space velocities, there are significant mass transfer limitations on
conversion. A test loop has been designed to enable us to study the
buildup of side products and catalyst activity behavior during long
term continuous cycling of the reversible reaction.
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INTRODUCTIION

The collection and storage of thermal energy
through the destruction and reformation of chemical
bonds is an attractive competitor to the utiliza-
tion of sensible and latent heat effects as the
energetics of chemical reactions are considerably
more intense than the energetics of the latter two
processes. In addition, and equally important,
chemical energy storage offers the potential of
low storage volumes and thermally efficient storage
conditions at ambient temperatures. The basic
principles on which chemical energy storage and
transmission is based are broadly outlined in (7).
Ess „ ntially, the chemical energy storage-recovery
scheme we have developed involves a reversible
gas-phase catalytic reaction which is endothermic
in one direction and exothermic in the reverse
direction. The endothermic step is driven by a
source of excess thermal energy (e.g. solar) and
the products of the reaction are sto red until such
time as the thermal energy is needed. Often it
will be economically justifyable to store the
reaction products at ambient temperatures since
the sensible heat required to raise the temperature
of the reactants up to the reaction temperature
will only constitute a small fraction of the
enthalpy of reaction. The presence of a catalyst
is necessary for the reverse reaction to proceed
so that the reaction products (and therefore the
chemical bond energy they contain) can be stored
indefinitely. Recovery of the thermal energy takes
place on demand by running the reverse (exothermic)
reaction over an appropriate catalyst. In a re-
versible reaction the products of the endothermic
reaction are just the reactants for the exothermic
reaction and vice-versa. The net result of this
cyclic process is the storage of thermal energy
during times when supply exceeds demand and re-
covery of the energy during times when demand ex-
ceeds supply. °lo net consumption of any of the
reacting species occurs over the cycle. Further-
more, it is not necessary that the collection and
utilization of energy take place at the same
location. For example, the endothermic reaction
(energy collection step) can be carried out at one
location (e.g. where sunshine is plentiful and
regular) and the reaction products shipped via the
existing natural gas and/or petroleum pipoline
distribution system to one or more users. At the
utilization site, the exothermic reaction (energy
recovery step) can then be carried out and the
products of this reaction returned to the collec-
tion site, again, via the pipeline distribution
systems. This is the so-called "Chemical Heat
Pipe” concept (16).

Reaction Selection

A brief review of some of the reactions which
have been suggested and at least partially eval-
uated is given in table 1. Chemical systems which
have been proposed with the primary objective of
hydrogen production have not been included. The
emphasis here is on chemical storage cycles from
a more general point of view. Reactions suitable
for thermal storage applications fall into two
basic categories: catalytic and thermal decompos-
ition reactions (where the reactants and products
exist in different phases). Reactions in both of
these categories are susceptible to precise con-
trol which is required for efficient storage and/
or transmission operations. The proposed thermal
sources for all of these reactions are solar or

nuclear either via direct contact between the
thermal source and the reactive system or via an
intermediate heat transfer fluid. The primary
focus of attention has been on reactions whose
endothermic steps are operative in the temperature
range 600-900OF as higher temperature sources such
as gas cooled nuclear reactors (`16000F)of the
Pebble Bed Reactor (-20000F) will not be readily
available in the United States in the near future
(4). The object here is to address the question
of a suitable reaction which can absorb thermal
energy at approximately 600 OF and release this
energy at a temperature of 400 OF which is suitable
for saturated process steam and electrical energy
generation.

In•searching for a suitable reaction, atten-
tion was focused primarily on catalytic reactions
since such reactions very often exhibit high
reaction rates which; are important for the applica-
tions considered here and because this class of
reactions is very extensive and includes many of
the most energetic and thoroughly studied systems.
In addition, the survey was not limited to the
400-600OF range of interest since little additional
effort was required to include the high temperature
regime. An abbreviatdd version of the results of
a review of catalytic systems whose kinetics have
been studied is given in table 1. The full table
contains over 20 catalytic reaction systems which
show some m^ sure of potential for application to
solar-chemical conversion systems and which have
been studied to a sufficient degree that past
experience has shown them technically worthy of
consideration.

once the desired temperature range has been
selected, the choice from among the wide variety
of catalytic reactions will be governed by the
following general criteria:

1. The chemical capacity for energy storage
should be large, i.e. the enthalpy change for the
reaction should be large.

2. The system should exhibit significant
conversions at the temperature extremes to effect-
ively exploit the energy storage potential,
although in some cases it may be wo-e economically
feasible to operate at lower conversions and re-
cycle the unreacted product. If a gas phase
reaction involves mole changes, ;s most do, the
pressure at the energy absorption and desorption
stages may be adjusted to enhance the equilibrium
conversions.

3. The catalyst, which may be different for
the reverse reaction, should be stable and inexpen-
sive.

4. The rate of reaction should be large to
minimize reactor volumes and heat transfer areas.
The reaction should not proceed to any significant
extent in the absence of the catalyst.

5. The selectivity of the catalyst in both
endothermic and exothermic directions should be
near 100%. However, side reactions which are
reversible and do not cause deactivation of the
catalyst can be tolerated.

6. The reactants and products should be
economically stored at high energy densities.
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2. Inexpensive materials of construction rust
be available that will not be attacked by the
chemical species or act as unfavorable catalysts
for the reaction(s) involved.

These characteristics are not independent and
must be weighed together in the final selection of
a catalytic reaction. Similar criteria have been
proposed by others (5) (11).

One of toe selection criteria requires the
calculation of an energy density for the reaction.
Since the reactions are reversible.the energy
density can be based on the reactants, entirely on
the products or some average of the two. Conse-
uently in table 1. we present three different

gtorms of the energy density. The first, e r, is
based entirely on the reactants. The second, e .
is based on the products; while the third, e t . Qs
based on the average and is given by:

1	

A

.. 
1	 + 1

et	 er	 e 

The value of e  (for example) was calculated as:

(-AHR)

P	 E	 "i

productsl4ipi

(-oHR) - enthalpy change for the reaction

v i	 - stoichionetric coefficient of
species i

p i	density of species i

C990F), the hydrogenation of benzene appears to be
the ciost appropriate. The most popular catalyst
for the exothermic direction appears to be the '11
catalysts. although others are available (2).
The reverse reaction can be catalyzed effectively
with industrial reforming catalysts as well as
carbides, silicates and sulphides of carbon (8).
It should be noted that although the density for
energy storage is large, the density would be
appreciably increased if the hydrogen were stored
in the hydride form (10) (15).

tie have chosen to concentrate our efforts in
the intermediate temperature range (400-6000F).
In particular we believe that the benzene hydro-
genation-cyclohexane dehydrogenation reversible
catalytic reaction is the vehicle by which the
chemical energy storage concept can be most readily
demonstrated on a commercial scale. Some of the
reasons for this position are qiven in (12). The
primary technical questions that are associated
with the current proposal lie in the reactor tech-
nology associated with the cyclohexane dehydrogen-
ation reactor (energy collection step) and the
possibility of detrimental side reactions concom-
mitant to the dehydrogenation step. On the other
hand, the technology for the benzene hydrogenation
step (energy recovery) is well known and readily
available on a commercial scale (18).

With respect to the dehydrogenation reactor,
one must investigate the nature of the procedures
required to effectively provide transient operation
as opposed to the steady state technology that is
available in the chemical industry. Start up and
shut down algorithms must be developed. Such an
investigation is most appropriately done computa-
tionally in the preliminary staqes with engineering
models of the reactor.

The summation was taken over the reactants
the calculation of e . The energy densities are
calculated for the storage conditions listed
beneath the products and reactants. All species
are assumed to be stored, stoichiometrically, at
3000K. Gases are supposed to be compressed to
100 atm.

for	 The chemical aspects of the dehydrogenation
step must be investigated experimentally. The
results of a preliminary investigation in this
laboratory are presented below.

KINETIC STUDY OF C6 H12 DEHYDROGENATION

Based on this and other information concerning
the availability of catalysts and kinetic data, we
can conclude that the following reactions show the
most promise for successful application to chemical
energy storage and conversion systems.

In the high temperature range (1000oF-15009F),
the oxidation of sulphur dioxide is the most appro-
priate. The kinetics of this reaction have been
thoroughly studied (17) in the exothermic direction.
Also, considerable process technology has been
accumulated (3). The high energy densities are
both due to the condensation temperatures of the
sulphur oxides and low stoichionetric coefficient
for oxygen. This reaction has been considered
for energy storage by several investigators (1)
(9) (14). A recent study in this laboratory (6)
has indicated a pronounced hysteresis phenomenon
in the temperature - conversion history of this
system which must be studied further. However, it
appears that , for this case, the hysteresis
phenomenon is beneficial rather than detrimental
from an energy storage point of view.

In the intermediate temperature range (400oF-

Flow System

We have measured the kinetics of the cyclo-
hexane dehydrogenation reaction in the temperature
range 400OF-756OF over a commercially available
naptha reforming catalyst (RD 150) manufactured
by Englehard Industries in a fully instrumented
internally recirculated (gradientless) stirred
tank reactor built by Autoclave engineers. A
schematic diagram of the experimental system is
shown in figure 1.

Cyclohexane feed is introduced into the re-
actor by means of a Harvard constant infusion
syringe pump. This is a positive displacement
pump that provides very precise control of flow-
rate over the range 0.025-38.2 ml/min depending on
the size of the syringe used and the speed select-
ed. A double syringe model is used along with a
3-Tray ball valve arrangement to insure virtually
continuous precise flow of the cyclohexane feed
to the reactor. The calibration of the pump has
been checked at all speeds using a graduated
cylinder and stopwatch. The reactor has a one
gallon working capacity. The catalyst is su pport-
ed in a cylindrically shaped bed approximately
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5.8 cm in diameter by 13.0 cm long located on the
axis of the fan. The catalyst bed is an integral
part of the fan system which is designed to cir-
culate the gas phase through the catalyst bed to
insure intimate contact between the gas and cata-
lyst. A rheostat allows the fan speed to be ad-
justed over the range 1000-2100 rpm. The Speed is
measured by means of a strobe tachometer. Two
thermocouples located 2.0 from the top and 2.0 cm
from the bottom of the catalyst bed allow us to
monitor the temperature change across the bed.
The location of these thermocouples can be adjusted
to monitor the temperature at any two points along
the catalys t bed. Temperature control is provided
by means of three 650 watt resistance heaters
located around the reactor. The three heaters pro-
vide 3 ifdependently regulated zones of heat at
the top, middle and bottom of the reactor. All 3
heaters are used for startup, while only the bottom
heater is generally required for temperature con-
trol during operation. The reactor is well insu-
lated and the temperature variation is usually less
than ± 0.50F during a run. The pressure in the
reactor is controlled manually by means of a needle
valve and pressure gauge on the outlet line. The
data in these studies were taken at a constant
reactor pressure of 2.0 psig. The outlet from the
reactor is split into two streams. The major part
is passed through a total condenser. The cooling
water for the condensor is grovided by a refriger-
ation unit operating near 0 C (although capable of
going to -10 C with the use of a heat transfer
fluid such as Oowtherm). The condensed product
(benzene and cyclohexane) is collected in glass
containers and disposed of in a safe manner. Non-
condensibles (mostly hydrogen saturated with
benzene and cyclohexane vapors at DOC) are vented
through the laboratory hood system. A small
portion of the outlet stream is piped directly to
a Hewlett-Packard 5830A computer controlled gas
chromatograph equipped with a heated, automatic,
programmable gas sampling valve. The detector is
a hydrogen flame ionization unit and excellent
separation of benzene and cyclohexane is achieved
by a 1/4" x 6 ft. column packed with carbowax.
The chromatograph is calibrated both for concentra-
tion of cyclohexane and benzene and total sample
size by injecting known amounts of carefully pre-
pared mixtures of benzene and cyclohexane. A
correction for sample size is required since at
high conversions, large volumes of hydrogen are
present in the product stream along with the cyclo-
hexane and benzene. The hydrogen essentially acts
as a diluent when the sample passes through the
hydrogen flame ionization detector. The computer
on the chromatograph automatically computes the
total areas under all the curves (related to sample
size) as well as the fraction of the areas under
each curve. It should be emphasized that the ex-
perimental apparatus are flexible enough so that
the kinetics of many gas phase catalytic reactions
can be readily studied with only minor modifica-
tions to the system.

Experimental Procedure and Data

At the end of each days operation the flow
system is thoroughly flushed with nitrogen and
left overnight under a slight nitrogen positive
pressure for safety. To start operation, the
system is first brought up to the desired operating
temperature, the nitrogen is shut off and cyclo-
hexane feed is introduced at a liquid flowrate of
about 2.75 ml/min to flush the reactor. After

approximately 5 residence times of flushing (-25
min.),the cyclohexane flowrate is adjusted to the
desired experimental value. Conditions of temper-
ature, pressure and flowrate in the reactor are
maintained constant until the concentration of
benzene leaving the reactor (as indicated on the
gas chromatograph) reaches a constant value. The
rule of thumb is to wait at least 5 residence
times after any system changes have been made to
insure that a steady-state condition has been
reached.

The feed to the reactor is reagent grade
cyclohexane. As each new bottle of cyclohexane is
opened, its purity is checked by running several
samples through the chromatograph. nccasionally
trace quantities of toluene and other impurities
are detected in the cyclohexane. The naptha re-
forming catalyst is in the form of pellets approx-
imately 1/16" D x 3/16" L. The catalyst is weigh-
ed and loosely packed into the cylindrically
shaped bed support. Layers of glass beads of
several different sizes are randomly interspersed
with the catalyst pellets to fill the unused
portion of the bed with inert material and provide
a matrix to insure adequate flow in and around each
catalyst pellet and through the bed. Before each
new set of runs the catalyst is activated by a
nitrogen flush (to eliminate any oxygen present)
followed by a hydrogen purge at 900 F for 2 hours.
The catalyst activity is checked at the beginning
and end of each set of runs by duplicating a high
conversion (>90N) data point at 600 OF and compar-
ing the conversion with the conversion obtained
when the catalyst was fresh. We have used the
same batch of catalyst over the past year and a
half, including over 2 dozen reactivations and
many start ups and shut downs (temperature cycling)
As far as we can tell the catalyst activity has
remained constant.

At each temperature and feedrate (space
velocity), the reactor is run at several different
agitator speeds to determine the effects of exter-
nal mass transfer on the conversions. Figure 2
shows the results for several flowrates at 6000F.
One can see that at low space velocities, where
conversions close to equilibrium are obtained,the
external mass transfer can keep pace with the
(relatively low) reaction rate. However, as the
space velocities are increased and the reaction
gets farther from equilibrium, the external mass
transfer can't keep pace with the (relatively
rapid) reaction rate and so the mass transfer
effects limit the observed conversion. Under.these
conditions the conversion becomes a function of the
agitator speed and the "true" conversion must be
obtained from the data by extrapolation to infinite
agitator speed (elimination of external mass trans-
fer effects). Figu:^e 3 is a plot of the conversion
of cyclohexane obtained over a range of space
velocities, with temperature in the range 500-750OF
as a parameter. Figure 4 is even more descriptive
in that it shows the reaction rate times the space
velocity - vs - conversion at each temperature.
The data in figure 4 clearly point out the effects
of mass transfer limitation. The dashed line is
data taken at 600OF at low agitator speeds. The
data at each temperature approach the calculated
equilibrium values at low space velocities.
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By Products

At high conversions flow space velocities) and
at temperatures above 540 Fat 2 psig, several side
products are produced along with the benzene and
hydrogen over this catalyst. The total amount of
these products is never more than 0.255 in a single
pass through the reactor and is generally <0.155
except at the most severe conditions. Using a
chemical ionization mass spectrometer (CIMS) we
analyzed the components in the vap6r phase leaving
the condensor for one run at 6000F'jnd a space

velocity of 0.029 moles cyclohexane%g-catalyst-hr.
The major side product has clearly been identified
as toluene. Based on the gas-chromatograph data,
when side products are produced, toluene consti-
tutes somewhere between 60-100;5 of the side product
formation. We have not, as yet, identified the
remaining side products, although there is some
evidence that methylcylopentane may be present.
However, this molecular weight is masked on the
CIMS by the presence of cyclohexane. A peak at
molecular weight 54 corresponds to 1 or 2 butene or
might correspond to one of the fragmentation pro-
ducts produced in the spectrometer. Similarly,
the presence or absence of C 1 to C4 hydrocarbons
in the product stream is masked by the fragmenta-
tion products of the spectrometer. Accordingly, we
have ordered some pure methylcylopentane and 1 and
2 butene. We will introduce these into the gas
chromatograph and compare their retention time on
the chromatograph column with our unknown peak.
Similarly we have ordered a chromatograph column
which will allow us to separate the C 1 to C4
hydrocarbons to see if any are present in our pro-
duct stream. It should be noted that toluene is
reversible and methyicyclopentane is not reversible
to cyclohexane over a suitable catalyst (13).

Table 2 summarizes the chemistry of the cyclo-
hexane decomposition reaction as we have been able
to determine it to date.

FUTURE PLANS

The questions we plan to answer in the next
phase of our study center around the behavior of
the system under long term cycling. In particular
we must ascertain whether or not the side products
produced are reversible and if not whether or not
they reach an acceptably low equilibrium value under
long term cycling. lie must also study the behavior
of the catalyst(s) under long term cycling to see
what effects there are on such parameters as cat-
alyst activity and attrition.

Accordingly, we have designed a test loop to
study these and related questions. A schematic
diagram of the test loop is shown in figure 5. The
major pieces of equipment in the loop have been
sized and will be purchased in the near future.
This loop will allow us to continuously cycle the
cyclohexane, benzene and hydrogen over both the
reforming catalyst and a hydrogenation catalyst.
Periodic sampling of the product streams in each
loop and the catalyst beds should allow us to ans-
wer some of the questions posed above. The loop
was designed on the basis of a hydrogen flow of 1
SCF14 with a hydrogen surge-storage capacity of 10
minutes (i ft , 34 atm). The cyclohexane and
benzene liquid flowrates were sized at a nominal
value of 60 ml/min. with 10 gal. feed tanks. Ex-
cept for the hydrogen compressor, the test loop will
fit in one corner of our research laboratory (10 x

12 ft).

A second set of questions we expect to answer
over the next year concerns the behavior of cyclo-
hexane decomposition reaction at high pressure
(up to 500 psig). Because hydrogen is produced in
the de imposition reaction, higher pressures will
tend to shift the equilibrium to lower conversions
(hence lower energy storage capacities). However,
for chemical heat pipe applications, it is desir-
able to operate the collector at higher pressures.
This means increasing the operating temperature to
compensate for the higher pressure. We also know
that at higher temperatures greater quantities of
the side products are produced and there is also
the possibility of thermally cracking the benzene
molecule. The answers to these and other questions
related to the catalyst stability at the higher
temperature and pressures will be oursued over the
next year.

Finally, we have develo ped a mathematical
model which describes the transient behavior of a
gas phase catalytic reactor dedicated to the col-
lection of thermal energy. The results have been
reported previously (12). The model will prove
useful in simulating startup, shutdown and in
developing control algorithms for chemical energy
storage systems. The model is being modified to
take into account the mass transfer limitations we
have observed in the cyclohexane decomposition
reaction. Over the next several months we expect
to develop the model to the point where we are
able to simulate the transient behavior o` the
collector reactor in the test loop under varying
conditions of startup, shutdown and changes in the
thermal energy flux reaching the reactor.
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Fig. 5. The experimental flow system for studying long term cycling of
the cyclohexane-benzene system
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SYSTEM EVALUATION OF SUPPLEMENTING
NATURAL GAS SUPPLY WITH HYDROGEN

W. S. Ku
Public Service Electric and Gas Company

Newark, flew Jersey

Abstract

The production of hydrogen by electrolysis
using excess energy available from base-,load
electric generating units provides one potential
means of supplemental future dwindling natural
gas supply. Advanced electrol.yzer technology
now in the research stage was applied for the
evaluation. A maximum of 15% volume blending
of hydrogen was assumed. No hydrogen storage was
applied. The results indicate that electrolytic
hydrogen could become economically competitive in
the 1990-2000 period with high-cost supplemental
natural gas supply.
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Introduction

With the natural gas supply picture
becoming increasingly critical for
future years, alternative technologies
are being explored to provide supple-
mental gas supplies. One such potential
means would be to blend hydrogen with
natural gas if hydrogen could be econo-
mically produced.

Public Service Electric and Gas Company
(PSE&G) under a contract with Associated
Universities, Inc. and U. S. Energy Re-
search and Development Administration,
has completed a system evaluation study
to investigate the economic potential of
supplementing natural gas with hydrogen
produced by electrolysis. The major
objectives of the study are:

1. To determine the amounts and
associated costs of off-peak electric
energy available in typical electric
utility systems that could be
utilized for producing hydrogen.

2. To determine the economic competi-
tiveness and	 feasible extent of
utilizing electrolytic 	 hydrogen
in a "companion" gas utility system.

Study Scope and Guidelines

1. Selected Test Utility Systems - Four
electric-gas utility system pairs
were selected for the study. These
systems are either of a combination
company or of two different utilities
serving a common	 territory and
represent different	 geographical
regions: A. Mid-Atlantic, B. Midwest,
C. Northeast, D. Pacific Coast.

2. Basic Concept of Producing Electro-
lytic Hydrogen - The principle con-
cept of making hydrogen from elec-
trolysis is to utilize	 excess
energy available from base-load
electric generating units during off-
peak periods. The base-load units
are those with lower fuel costs and
are expected to be operating around
the clock delivering full-capacity
energy output during most of these
hours.	 In future years nuclear and
coal-fired steam units are general-
ly classified as base-load
generation. The off-peak periods
cover those weekday hours from late
evening to early morning and most of
the hours during weekends when aver-
age electric demands are substantial-
ly lower.

3. Electrolyzer Technology - Advanced
electrolyzes technology, such as the
General Electric's solid polymer
electrolyzes concept, was considered
as the basis for this evaluation.
Based on the ERDA guideline, such
electrolyzer was assumed to require
a capital cost of $150/kw (1975
dollars), including power conversion

and substation equipment, supervisory
control, electric, gas and water
connections, and installation. It
has an efficiency of 90% and an
and an average life of 20 years.

4. Hydrogen Blending - The companion
investigation undertaken by PSE&G
for ERDA revealed that with a 10%
volume blending no problems are
apparent. With a 15 to 20%
blending, some modifications of gas
burners appear required . For the
purpose of this system evaluation
study, a more conservative maximum
permissible blending level of 15 101 was
used.

5. Hydrogen Storage - One of the ERDA
guidelines was not to consider the
use of hydrogen storage in this
study. Without storage, hydrogen
produced electrolytically must be
injected directly into the gas dis-
tribution system for immediate
utilization. '

6. Study Period - The period chosen for
the study was 1985 through the year
2000.

Electric and Gas System Evaluation

I. Electric Phase

The electric load demand of a utility
.ystem varies from hour to hour, day
to day, and season to season. Most
utility systems now experience its
annual peak demands during the summer
season. Figures I and 2 show re-
spectively the average summer and
winter week load curves of a repre-
sentative electric utility system.

The amount of base-load generating
capacity installed will determine the
extent of excess energy available
from the base-load capacity during
off-peak periods. Figures 3 and 4
illustrate this relation. For simpli-
city the available base-load genera-
tion is shown as a common straight
line in both figures. The actual
available amount of base-load genera-
tion in each week is determined by
probabilistic analysis taking into
account forced and maintenance
outages of various units. The
excess amounts of base-load energy
available each hour can then be
determined.

Table 1 shows	 the amounts	 of
installed base-load capacity, in
percent, of the four test systems.
Table 2 shows the calculated total
excess base-load energy expressed
as a	 percent of total energy
produced in that system.
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2. Gas Phase

Similarly the gas demand of a utility
system also varies continuously. The
annual peak demands generally occur
in winter. Figures 5 and 6 show
respectively the average winter and
summer week load curves of a repre-
sentative gas utility system.

Based on the designated maximum volu-
ume blending of 158 hydrogen, the
amount of hydrogen that can be
absorbed hourly into each test system
can be determined. If the selection
of the overall electrolyzes capacity
is based on the amount of hydrogen
that can be absorbed during the
minimum gas demand period of the year
because of lack of storage, then the
actual amounts of blending during
other time periods will be substan-
tially less. Tables 3 and 4 show
respectively the average percents of
hydrogen blending and associated
electric energy utilized for the
testing systems A and B.

The reason that only the results of
two of the four test systems are
shown is because the evaluation re-
sults of Systems A and B appear to be
more meaningful. The other two sys-
tems did not provide sufficient
future-system data and essentially
all their excess base-load energy
would be from non-nuclear units as
indicated in Table 2.

3. Economic Evaluation

In determining the economic competi-
tiveness of hydrogen supplementation
against other forms of supplemental
gas supply, the hydrogen cost based
on the lowest fuel cost of available
excess energy, namely nuclear, should
be compared first with the highest-
cost supplemental natural gas supply,
such as naphtha-derived synthetic
natural gas (SNG). Coal-fueled elec-
tric energy should be considered next
and will increase the volume of
hydrogen produced but also the aver-
age electric energy cost for
producing such hydrogen.

Tables 5 and 6 show respectively the
cost comparison between electrolytic
hydrogen and supplemental natural
gas supply for the test systems A and
B. For the Mid-Atlantic system
(System A), an annual escalation rate
of 48 was applied for both electric
system fuel and SNG costs. For the
Mid-western system (System B), an
escalation rate of 48 was used for
electric fuel costs and 78 for natu-
ral gas cost.

Summary

1. Adequate amounts of excess electric
energy are expected to be available

from base-load generating units of
electric utility systems during off-
peak periods for producing hydrogen
by electrolysis which can be effec-
tively utilized by their companion
gas systems. However, the actual
availability must take into account
such energy uses by other forms
of energy storage. Also, economics
may justify only the utilization of
that portion of available off-peak
energy from the lowest fuel-cost
units, such as nuclear.

2. The amount of excess energy available
from base-load generation is a func-
tion of the relative amount of this
installed base-load capacity as a
percentage of total installed capaci-
ty of a system. Generally, this
base-load level is in the order of
50 to 608. With such a level, the
excess base-load energy is available
during off-peak periods only. On the
other hand, if the base-load capacity
level is raised to 808 or higher,
then certain excess base-load energy
would also be available during cer-
tain heavy-load time periods, resul-
ting in more electric energy avail-
able for making hydrogen during more
hours of each day.

3. About 35 to 508 of all excess base-
load energy is available on weekends.
Therefore without the application of
hydrogen storage, a major portion of
this electric energy could not be
utilized for. producing hydrogen.

4. Electrolytic hydrogen may become
economically competitive in the 1990-
2000 period with SNG on other forms
of high-cost supplemental gas supply.
Much will depend on:

(a) A breakthrough in electrolyzer
technology particularly with
regard to cost and efficiency,

(b) the extent of base-load electric
generation in nuclear capacity,
and

(c) the future cost escalation of SNG
or other forms of supplemental
gas supply, with respect to the
cost escalation of electric gen-
eration fuels.
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TABLE 1

BASELOAD CAPACITY MIX.
IN PERCENT or TOTAL INSTALLED CAPACITY

NUCLEAR COAL OIL TOTAL
SYSTEM YEAR (%I ji) R (%)

A 1985 32 16 15 63
1990 39 13 4 56
2995 45 11 3 59
2000 48 9 1 58

H 1985 45 36 0 81
1990 47 38 0 85
1995 50 39 0 89
2000 50 40 0 90

C 1985 34 52 0 86
1990 49 40 0 89
1995
2000

D 1985 23 6 17 46
1990 31 11 14 56
1995
2000

*System data unavailable for study

TABLE 2

TOTAL ANNUAL BASE-LOAD OFF-PEAR
SPINNING RESERVE ENERGY

PERCENT OF TOTAL
SYSTEM ENERGY AMOUNT PERCENT BY TYPE

SYSTEM YEAR REQUIREMENTS (Gwh) NUCLEAR COAL OIL

A 1985 11.4 4,918 0 25 75
1990 9.5 4,942 13 58 29
1995 11.4 7,278 28 52 20
2000 10.1 7,872 40 50 10

B 1985 31.4 34,700 6 94 0
1990 37.0 54,938 7 93 0
1995 40.7 81,229 8 92 0
2000 43.3 116,099 6 94 0

C 1985 31.1 5,285 0 100 0
1990 41.2 8,530 5 95 0
1995
2000

D 1985 0.4 461 0 0 100
1990 2.4 3,405 0 3 97
1995
2000

*System data unavailable for study
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TABLE 3

STATUS OF ELECTROLYTIC HYDROGEN PRODUCED

(MID-ATLANTIC SYSTEM)

OF TOTAL
AVAILABLE

ELECTROLYZER OFF-PEAK BASE-
LOAD FACTOR LOAD ELECTRIC

YEAR BLENDING % ENERGY USED

1985 1.6 42 7.3
1990 2.0 55 9.7
1995 3.0 6o 10.7
2000 2.9 60 10.0

TABLE 4

STATUS OF ELECTROLYTIC HYDROGEN PRODUCED

(MIDWESTERN SYSTEM)

Electrolyzer of Total Available
Load Factor Off-Peak Base-Load

Year Blending Electric Energy Used

1985 1.7 37 1.8
4.6	 100 5.0

1990 2.1 45 1.4
4.6	 100 3.2

1995 2.3 50 1.1
4.6	 100 2.2

2000 2.2 48 0.7
4.6	 100 1.5

Utilizes nuclear only
Utilizes nuclear and coal
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TABLE 5

COST COMPARISON BETWEEN ELECTROLYTIC
HYDROGE2 AND SYNTHETIC NATURAL GAS

(MID-ATLANTIC SYSTEM)

PRODUCTION HYDROGEN AND SNG COSTS
FACILITY ($/DEKATHERM)

U8-5 1990 1n5 2000

Electrolyzer 13.25 12.75 13.50 14.75
(35% to 65%
Load Factor)

SNG Plant 7.30 9.30 12.00 15.50
(50% Load Factor)

1 Dekatherm = 1 million Btu

TABLE 6

COST C01411ARISON BETWEEN ELECTROLYTIC HYDROGEN AND SUPPLEMENTAL
NATURAL GAS SUPPLY

(MID-WESTERN SYSTEM)

Production	 Hydrogen and Natural Gas Costs
Facility	 ($/Dekatherm)

1985 	1990	 1995	 2000

Eiectrolyzer
(35 to 5010-
Load Factor)

(100 Load Factor**)

Supplemental
Natural Gas
Supply

	

8.80	 8.6o	 9.4o	 10.90

	7.20	 8.20	 9.90	 12.50

	

7.40 11.00	 16.90 22.50

1 Dekatherm - 1 million Btu

*Utilizes nuclear only. The load Factor increases From about
35% in 1985 to about 50% by 1995-2000.

*Utilizes nuclear and coal
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HYDROGEN FROM FALLING WATER:
ASSESSMENT OF THE RESOURCE

AND CONCEPTUAL DESIGN PHASE

William J. D. Escher
Institute of Gas Technology

Chicago, IL
and

James P. Palumbo
Pennsylvania Gas & Water Company

Wilkes-Barre, PA

Abstract

A unique opportunity to develop a supplemental
solar-hydrogen gas energy system presents itself
in the many small, presently unused hydropower
facilities in the United States. As opposed to gen-
erating conventional electricity, turbine-generators
would be directly coupled to water electrolyzers
for the production of hydrogen and oxygen. There
appear to be significant advantages to this approach
from the standpoint of delivering energy via a dis-
tribution system to the end user.

At present, an assessment of the falling water
resource in terms of hydrogen energy potential
is being conducted for the U. S Northeastern states.
Conceptual design efforts on the energy conversion
station are also being carried out. If these initial
results are favorable, the construction of an oper-
ating falling water to hydrogen energy conversion
facility would be in order. Such a station might
serve as a flexible R&D facility for further develop-
ment of this approach at achieving nev, energy
supplies from inexhaustible resources.
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Introduction

In recent months, there has been expres-sed a
great deal of interest in the potential df harnessing
presently undeveloped or unused hydropower as a
clean, domestically-available source of energy (1,2).

A special 3-month study was carried out at the
request of the Administration by the Corps of Engi-
neers which estimated that 159.3 kWh of hydropower
annually is potentially available from such sites (3).
Additionally, assessments have been, and are being
made, at the state level.

Emphasis so far has been on generating conven-
tional electricity, i.e. synchronized 60 Hz alterna-
ting current compatible with the electric utility grid.

Another approach, under investigation by the
Institute of Gas Technology and Pennsylvania Gas &
Water Company, sponsored by the U.S. Department
of Energy, provides for the conversion of the work
of falling water to hydrogen using water electrolysis.
Because hydrogen is storable and, as a chemical
energy form, flexibly applied to many use sectors,
this concept may prove advantageous in capitalizing
on the availability of such hydroposer resources as
a complement to conventional electricity generation.

Objective of the IGT/PG&W Study

Presently IGT and PG&W are carrying out a
4-month "Phase 0" step which is proposed to be
followed up with further efforts, potentially lead-
ing to the development of a pilot facility useful for
research and development of hydrogen from falling
water.

The purposes of the present effort are primarily
two-fold:

(1) To assess the total undeveloped
resource in terms of hydrogen
energy production in the 9 North-
eastern states of the U.S.

(2) To a "concept-level", characterize in
technical and economic terms the
hardware systems which will be
required for the production of hydro-
gen from small falling water resources.

The results of the effort are scheduled to be
reported early in Calendar Year 1978.

Technical Concept

As shown in the figure, the energy of falling
water (which is a function of water mass flow rate
and differential pressure or head) is extracted in
a water turbine. The resulting shaftpower operates
an electrical generator, which, however, may be
rather different from that used in conventional
hydropower systems since it is used to power an
electrolyzer as opposed to being fed into the utility
grid. For example, it could be advantageous to
use a do generator which might be directly inter-
faced with the electrolyzer. Such might signifir -
antly reduce the equipment cost as well as avoid
efficiency losses in rectification and power con-
ditioning of ac power.

Feedwater provided to the electrolyzer, and
the power input, produce hydrogen and oxygen gas.
The hydrogen is shown to be delivered to the energy
using sectors, and the oxygen as a coproduct.

In the particular example shown,in which the
falling water derives from an upper reservoir and
is to be used for municipal water supplies, such
ultimate usage of the water is indicated. In such
systems, which are illustrated by a number of
reservoirs in the PG&W service area, the press-
ure "energy" is lost, sometimes intentionally in
pressure regulator stations.

As to end-use of the hydrogen, a number of
possibilities present themselves. Generally, there
has been emphasis on "local use" of the energy
product:

Natural Gas Supplement

Straight Hydrogen

Industrial gas use (non-fuel)
Direct fuel gas for residences

to 	 11 	 industries
Transportation fuel

.Project Status of I November 1977

Work to date has focused mainly on the assess-
ment of the failing water resource in the Northeast,
with PG&W taking the lead. Telephone contacts and
meetings have been held with representatives in all
the states being canvassed. Documentation, not in
hand at the beginning of the project (when it was first
proposed),is being gathered from both federal and
state organizations. Generally, more information
than first supposed is proving to be available. Con-
sequently, emphasis is now being applied to the cat-
aloging step. IGT is providing its electronic data
processing facilities to this task.

The essence of the technical concept being pur- 	 IGT, assisted by PG&W who carried out initial
sued is shown in the functional block diagram of Fig- contacts, is surveying the applicable equipment
ure 1.	 manufacturers in support of the conceptual design.
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Preliminary Summary of Finding

Following are some of the Project ' s initial
findings:

(1) The data-base on the falling water resource
is fairly expansive, but definitely of uneven
quality and quantity from region to region.

(2) Electronic data processing appears to be
an appropriate way to catalog the data so that
it will be readily available for specific use.

(3) As anticipated, we have found no manufact-
urers of equipment oriented to this application;
this suggests the need for a special systems in-
tegration effort in which component suppliers
are consulted in an iterative manner.

(4) There do appear to be significant advant-
ages for hydrogen (vis-a-vis electricity) in

tying the small hydro-energy resources into
the distribution system, primarily a conse-
quence of hydrogen's storability.

These preliminary findings are being followed
up at present with results to be presented in the
Project report early in Calendar Year 1978.

Reference
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HYDROGEN ENGINE/STORAGE SYSTEM -- APPLICATION STUDIES

A. M. Karaba and T. J. Pearsall

Teledyne Continental Motors
Muskegon, Michigan 49442

ABSTRACT

The study addressed the unique problems associated with the storage
and use of hydrogen. Criteria were established for evaluating potential
applications, and a near-term candidate was selected and performance
predictions were made. A hydride bed design was proposed, and engine
modifications were outlined.	

e

The costs to own and operate a hydrogen fu-led engine were analyzed,
and it was concluded that early applications will require incentives other
than economic. Several practical problems need to be addressed now. An 	 a
expansion of the present effort, including development of both components
and integrated systems, was recommended.
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PROGRAM OBJECTIVE

IDENTIFY AND OEFINE

AN ATTRACTIVE EARLY VEHICLE APPLICATION FOR A
METAL-HYDRIDE STORAGE SYSTEM COUPLED TO A
HYDROGEN FUELED PISTON ENGINE.

Contract No. 412123-S
Duration: July 1977 to November 1977
Contracting Organization: Brookhaven National Laboratories
Contractor: Teledyne Continental Motors General Products Division
Project Officer: Mr. Matt Rosso, Jr.
Principal Investigators: Messrs. A.M. Karaba and T.J. Pearsall

PROGRAM ELEMENTS

1. REVIEW BACKGROUND INFORMATION

A. ENGINETYPES
B. HYDRIDETYPES
C. SAFETY ASPECTS

2. ESTABLISH FUELING REQUIREMENTS

3. IDENTIFY AN EARLIEST APPLICATION

The study addressed practical methods of dealing with the unique
problems of the storage, engine, and safety aspects of a near term
Installation.
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STUDY RESULTS (EHERAL)

1. NEAR TERM APPLICATIONS MUST RELY ON LOCALLY
GENERATED HYDROGEN

2. ELECTROLYTICALLY GENERATED HYDROGEN IS CONSIDERED THE
ONLY PRACTICAL NEAR TERM SYSTEM

3. APPLICATIONS THAT CAN BENEFIT FROM THE LOWER INDUSTRIAL
ELECTRICAL RATES APPEAR MOST ATTRACTIVE

4. INCENTIVES OTHER THAN ECONOMIC ONES WILL ESTABLISH THE
FIRSTSEMOUS APPLfCATIONS

Teledyne Continental MotorsGeneral Products Division concludes that no
near term application can rely on a low cost hydrogen source. Local
generatlon electrolytically would favor industrial plants where electrical
rates are typically 80 to 80 percent of residential rates. The higher fuel costs
of H2 mean that motivations, such as low emissions must provide the
Incentive for conversion.

EVALUATION OF CANDIDATES

7. 2. 3. a. S.

Teledyne Continental Motors General Products Division established five
criteria for evaluating potential applications. No candidate met all five
criteria. The diffusion space criteria was weighted low because of the
"enclosed" storage and control system to be employed. On that basis, the
Industrial lift truck appeared the most attractive.

ECONOhNCOR GOOD CONSISTENT DIFFUSION
WEIGHTIB ENVIRONMENTAL FLEET WITH CENTRAL SPACE

ANADVANTAQE BENEFn'DERIVED SIZE FUEL STATION AVAILABLE

SWEEPERS SWEEPERS SWEEPERS
LOADERS (iF!•PLANTJ (IN-PLANT)
AGRICULTURAL AGRICULTURAL
TRACTORS TAACiORS
RACK HOES BACK HOES
ROLLERS ROLLERS
SCRAPERS SCRAPERS

!1['T TRUCKS LIFT TRUCKS LIFT TRUCKS LIFT TRUCKS
CRANES CRANES
SHOVELS SHOVELS

OFF•HiGHWAY OFF•HiGHWAY
EQUIPMENT EQUIP1HENf

DELIVERY VANS DELIVERY VANS DELIVERY VANS DELIVERY VANS
MAIL TRUCKS MAiL TRUCKS MAIL TRUCKS MAIL TRUCKS

BULLDOZERS BULLDOZERS
TAXI CABS TAXICABS TAZ$i CABS TAXI CABS
60LF CARIB GOLF CARIB GOLF CARTS
URBAN CAR URBAN CAR
URBAN BUS URBAN BUS URBAN BUS URBAN BUS

258



INDUSTRIAL TRUCK SELECTION

A. OPERATIONAL HOURS CAN BE ACCUMULATED RAPIDLY

B. OPERATION CAN BE CONTROLLED

C. CHANGES OR MODIFICATIONS CAN BE EASILY AND
QUICKLY APPLIED

D. SKILLED MAINTENANCE PERSONNEL ARE ALWAYS
CLOSE AT HAND

In addition to the practical aspects Ideidif led as necessary to justify any
application, considerations that relate to the technical and Information
gathering aspects of the program recommend an industrial application.

259



A 2000 rpm fuel hook comparing a 135 in 3 conventionally carbureted
gasoline engine is shown comparad to a hydrogen fueled engine of 20
percent more displacement to provide comparable horsepower.

The unthrottled hydrogen ftaoied engine can be expected to exhibit fuel flow
versus horsepovrer similar toan unthrottled diesel engine. The obvious
point to note is the significant reduction in required fuel energy at light
load.

The figure also illustrates the heat rejection to the coolant as a function of
load as compared to the heat required by the hydride bed for release of the
fuel.
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INDUSTRIAL TRUCK OPERATING MODES

PERCENT PERCENT BTU'S/HOUR
MODE	 RPM POWER TIME GASOLINE Ho

IDLE 600 0 40%. 19.000 91500

FULL POWER 2800 100% 5% 20.900 20,900

DECELERATION 2000/600 0 6% 2.400 1,200

LIGHT LOAD 2000 10%s 25%e 39,000 29,250

LIGHT LOAD 2000 40% 25% 45.000 48.750

126,300 109,600

In quantifying fuel required for the hydrogen fueled vehicle we made use of
the fuel hooks described in the previous chart.

Overall thermal efficiency of the gasoline truck is 14 percent with the
hydrogen truck at 16 percent.

Vehicles employed in more rigorous service could be less attractive from a
thermal efficiency point while light load applications with a high
percentage of standby idle and light load could be more attractive.

HYDROGEN STORAGE

1. BED IS IMMERSED IN ENGINE COOLANT AND RELEASE IS
CONTROLLED BY COOLANT FLOW MODULATION

2. TUBE DIAMETER IS SMALL — APPROXIMATELY 31NCHES I.D. FOR
IMPRC JED TRANSIENT PERFORMANCE

3. "START UP" BED IS EXHAUST HEAT ACTIVATED

4. EXTRUDED ALUMINUM HYDRIDE STORAGE VESSELS APPEAR
MOST ATTRACTIVE

S. FeTiMn MATERIAL APPEARS MOST ATTRACTIVE BECAUSE OF
INCREASED USABLE CAPACITY

The totally immersed bed proposed offers a practical system for insuring
good heat transfer. Usable hydrogen in the bcd was projected to be 1.4
percent by weight.

Cold start-up problems are addressed with an exhaust heated bed
estimated to be 5 percent of the total. Cold start-ups will require a warm up
period to bring the entire engine and hydride bed system up to temporature.
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ENGINE CHANGES

1. ALUMINUM HEAD AND PISTON

2. IMPROVED OIL CONTROL

3. COOLED EXHAUSTVALVE

4. POSITIVE CRANKCASE VENTILATION

5. EXHAUST DILUTION WITH CATALYST

Engine changes are proposed to address these problems:

1.Both intake and exhaust backfire.

2. Worn engines developing Ignitable mixtures In the crankcase.

3. Elimination of free hydrogen In exhaust.
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SCHEMATIC OF CONTROL AND SAFE'T'Y SYSTEM

VALVE	 r---------on------ 1----T----- - -^
FLOWPROPORTIONING	 t	 1

1 ,12PAMWRE	 -- --- -
SENSn1YE	 FLOW CONTROL VALVE	 j	 FIYOAOGEN F

WATER	
®'	

I	 CHARGE

I	 HYDRAULIC SHUT OFF VALVE	 i	 ' - - - - - -
^	 t 	 ^ ^ HYDRIDE

® MANUAL SHUT OFF VALVE--

I CARS	 i	 BED
^+	 I	 r"S.:HAUSr	 (	 1
0	 140 INT. MAN.	 FROM

a IT,-.	 —	 ENGINE

pRt	
^.	

,	 ----_
m	

tai ENGINE--
CRANKCASE	

.^	
ll^^l^^l

CATALYTIC

1	 O ;	 CONVER'T'ER

m
t	 I	 1

i1 O o1-till--!
---- HYDROGEN

	 1	 111111 STARTING'	 Ilti1111' I HYORICE
ENGINE COOLANT	 1	 Illljj	 BED

	

PUMP .^.^.^..^r•-. J 	iiIT11
-•^• SCAYENGEAIR

Significant features of the control system Include:

1. An air pump employed to:

(a)Cool the exhaust valves
(b)Provide positive crankcase ventilation
(c) Exhaust dilution

2. Fuel to the engine — limited by:

(a)Ignition switch for positive shut-off

(b)Oil pressure switch limits fuel delivery until cranking speed is
achieved

(c) Fuel flow modulation without throttling

3. Hydride bed controls include:

(a)Flow control modulated by hydrogen pressure
(b)Venting of the cooling system into the intake manifold Insuring a

hydrogen leak from the bed Is routed thru the engine
(c)Fuel shut-off does not stop Ignition system which continues

should a bed leak exist

4. Exhaust system incorporating:

A conventional catalytic converter with over temperature warning to
Indicate a defective ignition system.
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COST SUMMARY /YEAR).

ELECTRIC LPG H 2 POWER H 2 POWER
GASOLINE TRUCK TRUCK (ELEC) (PIPELINE)

COST TO OWN 1,669 3,417 1,739 2,247 2,247

COST TO OPERATE 1,822 759 3,220 5,534 1,922 ••

COST TO MAINTAIN 2,529 1,877 2,529 2,529 2,529

TOTAL DOLLARS/YEAR 6,020 6,053 7,486 10,310 6,698

• BASED ON A 7.5 YEAR LIFE

•• BASED ON H 2 COST OF $5.00/10 6 BTU'S

The economics of an industrial truck operating in a normal environment are
strongly related to fuel cost.

Early applications that will not have the low fuel cost advantages ultimately
projected and will require incentives other than economic.

CONCLUSIONS
1. SEVERAL APPLICATIONS FOR HYDRIDE STORAGE COUPLED TO A

HYDROGEN FUELED PISTON ENGINE ARE ATTRACTIVE

2. THE ECONOMICS OF FUEL PRODUCTION COST RECOMMEND FIRST
APPLICATIONS IN THE INDUSTRIAL. FIELD WHERE LOWER
ELECTRICAL COSTS AND ENVIRONMENTAL CONSIDERATIONS ARE
BOTH ATTRACTIVE

3. A PRACTICAL AND SAFE SYSTEM CAN BE PUT INTO SERVICE TODAY

Engine/hydride systems have several practical problems that need to be
addressed now. The evolution of practical systems capable of long term,
trouble free and safe operation, requires performance of systems in real
environments. An expansion of the present effort is recommended. That
expansion should include both component and integrated system
applications.
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NATURAL GAS SUPPLEMENTATION
WITH HYDROGEN

C. R. Guerra, J. E. Griffith, K. Kelton and D. C. Nielsen
Public Service Electric and Gas Company

80 Park Place
Newark, New Jersey 07101

Abstract

The potential supplementation of natural gas with hydrogen
is being evaluated. The studies include: (1) combustion
tests of gas blends in burners and appliances, (2) compu-
tation of capacity of a distribution network and system
adjustments to deliver gas blends and (3) measurement of gas
leakage from prototype joints of mains removed from a gas
distribution grid.

The results show that main burners can burn blends with
up to 20-25% hydrogen in natural gas, but target pilots
limit the hydrogen concentration to 6-11%. After modifi-
cation of pilot orifice or increase in gas supply pressure,
blends with up to 20% hydrogen were found satisfactory for
use in most burners and appliances. The flow studies
indicate that natural gas with up to 20% hydrogen could be
readily adapted to utility operations at the gas pressure
and flows used in the distribution, utilization and service
subsystems of the grid. The metering station appears to be
the most suitable site for introducing hydrogen into the
distribution system. Measurements of gas leakage from
joints containing blends of hydrogen with natural gas are
currently under way.
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Introduction

The supplementation of natural gas with
hydrogen is an attractive concept because,
as a gas, hydrogen is readily adaptable to
existing utility distribution systems and
to the utilization equipment owned by gab
users. Gas T6D pipeline networks and cus-
tomer appliances and equipment represent,
as an aggregate, a large investment with a
productive life and usefulness highly de-
pendent on the availability of natural gas
and certain gas substitutes and supplements.

Hydrogen is pre-eminent as a natural gas
supplement because it can be derived from
various primary energy sources ranging from
fossil to nonfossil sources, including
fusion and solar energy. Gradual supple-
mentation of natural gas with hydrogen is
expected to be a key element in the smooth
transition from fossil fuel dependence to
the nonfossil economy of the future.

Under contract with ERDA and with
funding support from Public Service Elec-
tric and Gas Company (PSE&G), various
aspects concerning the delivery of blends
of hydrogen with natural gas, via existing
utility systems, are being studied. The
program focuses on the following:
(1) the limitations which the use of
hydrogen blends may bring about in cus-
tomer appliances and equipment, (2) the
operation of a utility grid distributing
hydrogen blends, ( 3) the selection of
suitable points for injecting hydrogen
into the distribution system, (4) the
effectiveness in hydrogen containment by
typical components of a utility grid and
(5) certain nontechnical aspects related
to safety and regulatory requirements.

Combustion Tests of Blends
in Burners and Appliances

The objective of this investigation was
to determine the maximum amount of hydro-
gen that could be blended in natural gas,
maintaining the reliability and efficiency
of typical utilization devices with
minimal or no adjustment or conversion.

Although interchangeability criter:^a,
which may be calculated from the gas
analysis, are available, these methods are
not mutually consistent and were developed
over 20 years ago. Since that time, new
varieties of burners have been developed,
and others have been modified, and burners
which were critical are no longer used.
In addition, use of these criteria to
predict ignition or extinction noise;
flashback on rapid turn-down or short-
cycling; faulty ignition performance, with
either thermal elements or flash tubes;
and unfamiliar gas odors have not been
successful. The preferred method of
assessing interchangeability is to
(1) determine the possible interchangeable

mixtures using established criteria,
(2) set up in a laboratory selected
burners/appliances representative of the
most critical types served and (3) operate
the proposed mixtures on the critical
burners/appliances.

A preliminary study, using Weaver
Indexes of interchangeability, indicated
that mixtures containing up to approxi-
mately 20% hydrogen should be interchange-
able with natural gas. of the five
conditions which must be met for satis-
factory interchangeability:(1) little
change in burner input, (2) no lifting
of flames, (3) no flashback of flames,
(4)no excessive yellow tipping of flames,
(5)no incomplete combustion, it appeared
that these mixtures would be critical
with respect to flashback. Laboratory
tests were undertaken to substantiate the
preliminary finding.

Test Methods and Equipment

Test gases were prepared by mixing
natural gas and hydrogen in cylinders and
the gas blends analyzed. Each test
burner was adjusted on natural gas to
obtain proper input and the best possible
flame characteristics. The following
parameters, where applicable, were then
evaluated with natural gas and the sub-
stitute mixtures of natural gas and
hydrogen:

1. Gas rate (input)
2. inner cone height
3. Primary aeration
4. Occurrence of yellow-tipping
5. Thermocouple output
6. Occurrence of flashback

a. under steady state conditions
b. under modulating conditions
c. on ignition
d. on turndown
e. on extinction
f. on short cycling

7. Occurrence of lifting
8. Noise of extinction
9. Incomplete combustion

Where adjustment of the primary air was
provided on burners, the above observa-
tions were also made with hard and soft
flame adjustments.

The test equipment used in this invest-
igation consisted of 11 pilot burners,
13 main burners, and 10 appliances.
Tables 1, 2 and 3 summarize the type of
gas utilization equipment tested.

268



Applianceliance Burner Type Burner Material

Test
Input -
Btu/Hr

Rated
Input -
Btu/HrNo.

Table 1

Pilot Burners Tested

Input -
No.	 Burner Tye	 Use	 Safety Type

	
Btu Hr

P 1
P 2
P 3
P 4
P 5
P 6
P 7
P 8
P 9
P 10
P 11

Primary Aerated
Incinerating
Primary Aerated
Non-Aerated
Non-Aerated
Non-Aerated
Target
Target
Target
Target
Target

Boiler, Furnace
Boiler, Furnace
Boiler, Furnace
Range Oven
Range Oven
Range Top
Boiler, Furnace
Boiler, Furnace
Boiler, Furnace
Boiler, Furnace
Water Heater

Thermocouple
Differential Expansion
Differential Expansion
Liquid Expansion
Liquid Expansion

Thermopile
Thermocouple
Thermocouple
Thermocouple
Thermocouple

1,505
742

1,705
632
351
110

1,753
912
852
740
833

Table 2

Main Burners Tested

Test
	

Rated
Input
	

Input
No.	 Burner Type
	 Material
	

Use
	 Btu/Hr
	 Btu/Hr

B 1
B 2
B 3
B 4
B 5
B 6
B 7
B 8
B 9
B 10
B 11
B 12
B 13

Ribbon
Ribbon
Drilled Port
Drilled Port
Drilled Port
Slotted Port
Slotted Port
Luminous Flame
Luminous Flame
Drilled Port
Slotted
Single Port
Target

Cast Iron
Pressed Steel
Cast Iron
Pressed Steel
Cast Iron
Pressed Steel
Pressed Steel
Aluminum Alloy
Aluminum Alloy
Cast Iron
Pressed Steel
Pressed Steel
Pressed Steel

Boiler
Furnace
Boiler
Water Heater
Water Heater
Water Heater
Furnace
Room Heater
Room Heater
Range Top
Air Conditioner
Clothes Dryer
Clothes Dryer

18,878
25,256
76,339
40,120
18,765
40,120
24,332
32,413
45,711
14,262
18,697
28,074
25,109

20,000
25,000
75,000
40,000
18,000
40,000
25,000
30,000
45,000
12,000
18,000
25,000
25,000

Table 3

Appliances Tested

A 1
A 2
A 3
A 4
A 5
A 6
A 7
A 8
A 9
A 10

Boiler
Furnace
Water Heater
Furnace
Range Oven
Range Top
Room Heater
Range Oven
Range Top
Clothes Dryer

Single Port
Slotted Port
Drilled Port
Single Port
Drilled Port
Slotted Port
Slotted Port
Slotted Port
Slotted Port
Single Port

Cast Iron
Pressed Steel
Cast Iron
Cast Iron
Cast Iron
Pressed Steel
Cast Iron
Pressed Steel
Pressed Steel
Pressed Steel

131,293
79,976
37,913
70,712
18,599
10,152
20,839
18,599
10,152
28,269

130,000
80,000
36,000
75,000
16,000
12,000
20,000
19,000
10,000
30,000
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Conclusions

1. Gas blends containing more than
6-110 hydrogen (by volume) are the
limiting mixtures for target type pilot
burners.

2. Gas blends containing more than
20-22% hydrogen are the limiting mixtures
for main burners operating in the open.

3. Gas blends containing more than
22-25% hydrogen are the limiting mixtures
for main burners tested in appliances.

4. Modification of the orifice in
target pilots or increasing the supply
pressure to a minimum of seven inches
water column will permit the use of gas
blends with 20% hydrogen.

S. The limiting conditions result from.
the tendency of target type pilot burner
flames to burn back at the orifice and
not above it as designed, resulting in
reduced thermocouple output.

6. Main burner performance was limited
by flashback under turn down conditions
with a tendency to noise when the flame
was turned off.

7. Minor changes in burner adjustment
such as adjustment of primary air has
little effect on the amount of hydrogen
which can be satisfactorily utilized.

8. Although no tests were performed
on industrial equipment, the limiting
percentages of hydrogen found for res-
idential equipment should operate satis-
factorily on industrial equipment because
it is readily capable of adjustment to
meet variations in gas composition.
Some industries, such as glass, would
probably welcome the addition of hydrogen
to natural gas since a more clearly
defined sharp flame results.

9. The Weaver Indexes of interchange-
ability do not accurately predict the
interchangeability of hydrogen and
natural gas mixtures. Additional work
needs to be undertaken to modify these
indexes to arrive at a method which is
universally applicable.

10. A statistical analysis of the
number of types of burners in use needs
to be undertaken so that accurate pre-
dictions can be made as to the costs of
conversion, and the extent of the
problems which may occur with various
substitute gases.

Determination of Gas
Distribution System Flows

This study examines the ability of a
typical utility distribution system to
deliver hydrogen while conforming to the
pressure limitations of a system designed
for natural gas. Natural gas is dis-
tributed in the U.S. today by means of
a well integrated network of transmission
lines operated by pipeline companies and
by the distribution systems of hundreds
of utilities which carry the gas to the
ultimate user. The moving force which
causes the gas to flow from wellhead to
customer is the difference in the pres-
sure of the gas from one point in the
system to another. Different gases, since
they have different characteristics such
as heating value and specific gravity,
require different pressure differentials
for the delivery of an equivalent amount
of energy.

Methodology

The flow of gas in a pipe segment can
be computed by well known flow formulae
which give rate of gas flow (Q) as a
function of gas pressure differential
(P or h), specific gravity of the gas (S),
length of pipe segment (L),and a factor
(C) which takes into account pipe dia-
meter and friction. Operating personnel
rely on different formulae according to
the gas pressure in the mains.

For intermediate pressures (1 psig to
60 psig)

T'I - PZ

Q = C	 SL

For utilization pressures (below 1 psig)

JES^_::h:2
Q = c

L

Computing the flow in a given pipe for
different types of gases is relatively
simple; however, flow computations for
complicated networks of mains such as
those common in gas distribution systems
can be quite tedious and time consuming.
For this reason, PSE &G commonly conducts
network studies on a Univac 1106 Digital
Computer.

Table 4 lists the principal elements
of the natural gas T&D system from the
wellhead to the customer ' s appliance.
In the network studies, two subsystems
of primary concern with regard to the
flow of gas blends were examined in
detail:
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(1) a distribution pressure subsystem
involving a large PSE&G feeder main net-
work and (2) a utilization pressure
subsystem involving a medium sized PSE&G
grid. Network analyses were carried out
for 100+ natural gas at peak load
conditions and for blends containing 10%
and 20% hydrogen at peak load coaditions.
Comparisons of the results were made to
determine the system modifications needed
to carry the different gas blends. The
service pressure subsystem was only
briefly examined because it is expected
that excess capacity is available to
accommodate the flow of gas blends.

b. Install additional supply points
to the system.

c. Uprate the system to operate at
higher pressures. Uprating consists of
raising the pressure in stages and con-
ducting extensive leakage tests at each
stage. In some cases, some system
components must be replaced with higher
rated components before uprating begins.
Uprating costs can vary widely from
system to system, but generally uprating
ie the most economic method of correcting
pressure problems.

Utilization Pressure Subsystem

Table 4

Principal Elements of the
Natural Gas T&D Network

Gas Well
Pumping Station
Underground Storage
Transmission Line
Metering Station
High or Medium Pressure Feeder Main
Distribution Regulator
Utilization Pressure Main
Service Main
Service Regulator
Customer Meter
Customer Line
Customer Appliance or Equipment

Distribution Pressure Subsystem

The network studied is made up of 300
miles of feeder mains ranging in size fran
2 " to 36". Approximately 142,000 cus-
tomers in an area of 421 square miles
are served by this system which receives
gas from two meter stations and a reg-
ulating station. The estimated consump-
tion of these 142,000 customers during
the maximum hour of a zero degree day
(winter of 1976/77) is about 9 X 106
cubic feet per hour of natural gas.
The System is designed for 60 psig with a
previous maximum operating pressure of
35 psig. It must operate at a maximum
of 35 psig, unles , it is uprated
according to DOT (Department of Trans-
portation) Operating Procedures. In
accordance with PSE&G design criteria
concerning minimum pressures, it can have
no pressure below 3 psig.

if the flow studies show that the
load on a zero degree day maximum hour
results in pressures lower than the
minimum allowable, then modifications
of some type must be made to the system.
These modifications could consist of one
or more of the following:

a. Installing additional feeder
mains at key points of the system to
increase load carrying capacity.

The network chosen for computer
analysis consists of about 18,000 feet
of 3", 4 11 , 6", and B" cast-iron and
plastic mains. There are 383 customers
served by this system and most of them
use gas for space heating. Gas is fed
into this system from two distribution
regulators. The estimated consumption of
this system during the maximum hour of
a zer: degree day (linter of 1976/77)
was about 29.4 X 10 cubic feet per hour
of natural gas. The design criteria
which must be met for this system is that
the pressure at the lowest point cannot
be below 4.2" water column, and the outlet
pressure at the distribution regulator
cannot exceed 7.5 inches water column
under normal circumstances.

If the flow studies show that the load
on a zero degree day maximum hour with
maximum input pressures results in pres-
sures at any point lower than the minimum
allowable, then modifications of some
type must be made to the system. These
could consist of one or more of the
following:

a. Increasing main sizes at key
points in the system to increase load
carrying capacity.

b. Installing additional distribution
regulators to supply the system.

Conclusions

1. A maximum-design-hour load of about
9 
X06 

cubic feet per hour of 100%
natural gas could be handled by the dis-
tribution pressure system studied without
violating any design criteria or requiring
reinforcements. The lowest system pres-
sures were estimated to be 3.5 psig on
the basis of sendout pressures of 35 psig
(7.9 X 10 6 CFH supply source A) and 31
psig (693 X 10 3 CFH supply sources B&C).

2. To distribute a blend of natural
gas with 10% hydrogen in the system des-
cribed in (1) above, it is required that
the sendout pressure at all three supply
sources (A, B, and C) be kept at 35 psig
to maintain a minimum acceptable pressure
of 3 psig at any point in the system.
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3. To distribute a gas blend with 200
hydrogen in the system described in (1)
on the preceding page, it is required that
the sendout pressure Ot the supply points
be 35 psig (7.88 X 10 CFH supply source
A) and 38.4 psig (900 X 103 and 667 X 103
CFII supply sources B&C) to maintain a
minimum pressure of 3 psig throughout
the system.

4. A maximum-design-hour load of 29.4
X 103 CFH of 100% natural gas could be
handled by the utilization pressure
system studied without violating any
design criteria or requiring reinforce-
ments. The lowest system pressure wcs
estimated to be 5.38 inches water column
with the two regulators feeding gas at
6" pressure.

S. The system described in (4) above
could distribute blends of hydrogen with
natural gas and maintain the minimum
allowable pressure of 4.2" throughout the
system. Blends with 10% and 208 hydrogen
resulted in minimum pressures of 5.35"
and 5.32", respectively:

Points of Potential Hydrogen Admission

The selection of the points at which
hydrogen should be admitted to a dis-
tribution system to supplement natural
gas is closely related to the requirements
of the State Utility Commission. Aside
from safety considerations, the utility
commission's chief concern will most
likely be that customers receiving the
lower heating value blend are billed
accordingly. To this end, the commission
will probably require that the limits of
the area receiving the blend are clearly
defined so that these customers can be
easily identified. From the utility's
standpoint, the simplest way to define
these limits would be to supply the blend
to an entire distribution system, or if
this cannot be done, at least to some
easily defined sub-section of the dis-
tribution system. This can be done most
easily if the utility blends hydrogen
into natural gas at the meter stations
supplying a particular distribution
system.

Impact of Regulatory Standards

An analysis of the Regulatory
Commission rules in one state (New Jersey)
reveals few problem areas with regard to
distributing hydrogen blends, but certain
topics need further study.

I. Possible conflicts with a variety
of existing codes, including piping and
plumbing codes, welding codes, electrical
codes, and compressor station codes.

2. Gas detector calibration could be
difficult when the percentage of hydrogen
in the blend is constantly varying.

3. Odorizing hydrogen-natural gas
blends could present problems.

4. Purging mains for hydrogen-natural
gas blends may need development of special
procedures.

5. Heating value calculations for
billing purposes will be more complicated.

Regulatory standards regarding gas
distribution and hydrogen handling may
vary significantly among states and
localities and further studies should be
made in this regard.

Performance of Gas Distribution Equipment

The rate of gas leakage or hydrogen
permeation through prototype utility
pipes and joints will be measured using
a special test facility. The facility
circulates natural gas or blends at a
rate of 3,000 cubic feet per day and
pressures in the utilization and distribu-
tion ranges. Cast iron, plastic pipe
and steel joints removed from the PSE&G
system, after various service lives, are
being tested for leakage. The facility
has been used for baseline tests with
dry natural gas and, presently, a dry
gas blend with 10% hydrogen is being tried.
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HYDROGEN AS A MID-TERM GASEOUS FUEL SUPPLEMENT
BY BLENDING WITH NATURAL GAS

G. F. Steinmetz
Baltimore Gas and Electric Company

Baltimore, Maryland

Abstract

The Ad Hoc Committee studied the potential for mid-term
(1985-2000) commercial application of the use of hydrogen
for blending into the present natural gas delivery system
as an energy supplement. Successful development of advan-
ced electrolyzer technology and the availability of low
cost "off-peak" electric generating capacity are basic to
this concept.

The Committee determined that a major, federally funded
research, development, and demonstration program aimed at
proving the technical feasibility is not justified within
the next five years. Basic reasons are that even a com-
pletely Guccessful RDW program would not spur mid-term
commercialization to:

• Produce sufficient hydrogen to aignifienntly
alleviate the natural gas shortage on a
national basis.

• Produce hydrogen at a cost competitive with
other supplemental gaseous fuels if present
price projections hold true.

• Provide the electric power industry with
incentives to devote available generating
capacity to this end in competition with
various storage concepts, operating alter-
natives, and end uses under development.

The Committee found no overriding environmental, safety,
legal, code, or regulatory consideratioaa which would pre-
clude the hydrogen-natural gas supplementation concept.
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INTRODUCTION

Several divisions of the United Stater, Energy Re-
search and Development Administration ( MI)support
research efforts relating to the use of hydrogen as
a medium for energy transmission and distribution.
While the general consensus of technical experts
projects hydrogen as an energy carrier in the long-
term (beyond the year 2000), its prospective role
as an energy delivery medium in the mid-term (1995-
2000) must also be examined. Such analyses should
be within the framework of U.S. Energy systems or,d
emphasize comparison between hydrogen and competi-
tive alternatives available and/or under development.

At the invitation of ERDR's Chemical and Thermal
Storage Branch, Division of Energy Storage Systems,
Office of Conservation, an Ad Hoe Committee was
established to conduct this nialysis and comparison.
The Committee was charged with determining the
potential of hydrogen sup^l&entation for mid-term
commercial development and"the appropriateness of
a major government supported research, development,
and demonstration (RD&D) project. If the results
were positive, the Committee was asked to present a
plan for implementing such a program within five
years. Production of electrolytic hydrogen from
off-peak electric generating capacity was emphasized
as the likely hydrogen sources.

Participation was solicited from a broad base of
electric, electric and gas, gas transmission and
distribution utilities, related trade associations,
industry, government agencies, and national labora-
tories. Thus, a balance of diverse perspectives
and views on the value of the proposed project was
Included.

This activity was formally instituted at an organ-
izational meeting held at ERDA Headquarters on
April 21, 1976. Work was essentially completed in
January, 1977 and a report entitled "An Evaluation
of the Use of Hydrogen as a Supplement to Natural
Gas" ^I) was finally edited for publication during
the summer of 1977. This paper is a presentation
of the significant findings of the Ad Hoc Committee.

EVALVIATION OF CRITERIA

Four criteria were used by the Ad Hoc Committee
to evaluate the potential for mid-term commercial
ization of the hydrogen - natural gas blending
concept. These are discussed in turn below to
explain the Committee's reasoning and judgement.

First Criteria - Volumes of hydrogen produced and
utilized would make a significant contributic
alle_^ iating the natural gas shortage on a nata. 11
basis.

Inherent in this criteria are the dual questions
of interchangeability and production potential.
Interchangeability is defined as the ability to
interchange one bas with another without incurring
unacceptable performance of equipment. The prime
aspects of performance are:

• No incomplete combustion, i.e., the gener-
ation of carbon monoxide beyond acceptable
limits.

• No lifting of flames from burner ports.

• No flash-back of flames into the burner.

• No excessive yellow tipping of flames.

• Little change in burner input (less than
t10?).

The interchangeability of one pas with another on
all the appliances and equipment connected to dis-
tribution pipelines is not subject to exact deter-
mination. Much work has been done over the past
twenty-five years to develop approaches which are
indicative of satisfactory performance but not
conclusive. A brief treatment is given using the
Knoy "C" Equation (2) npproneh to gain some per-
spective on the effect of hydrogen blending. Table
1 shows a typical natural gas analysis and the
resultant change in heating value and specific
gravity as hydrogen is introduced in various per-
centages by volume. The Knoy "C" Equation is a
simplified approach to interchangeability which
permits a rapid assessment based on relationship of
heating value and specific gravity. Its basic
premise states that if "C" developed by the follow-
ing formula for an adjustment gas remains constant
within limits for substitute gases they will be
interchangeable.

C s Heating Value - 175

Specific Gravity

Interchangeability results from the maintenance
of a primary air-gas mixture nf approximately
175 BTU/ft. 3 within the burner head. On a plot of
heating value versus ,specific gravity, a constant
"C" or interchangeability line can be developed for
the adjustment gas. A variation in "C" of +5% is
considered to be a tolerance band within which
satisfactory appliance performance can be expected.
A second tolerance band to +10% variation in "C"
indicates an area within which some degree of dif-
ficulty with appliance performance will be exper-
ienced and burner adjustments needed. Beyond this
band, substitute gases cannot be considered for
satisfactory performance. Figure I shows the Knoy
"C" plot for the typical natural gas as the adjust-
ment gas and the various hydrogen percentage
mixtures as substitute gases.

Laboratory research done on a variety of gas
appliances by actually imposing hydrogen mixtures
has shown approximately 10% to be the limit for
interchangeability which is in good correlation
with the Knoy result. Higher mixtures result in
flashback problems with certain burners. The indi-
cations are that with modification of equipment to
some degree and at a commensurate cost a maximum
of 257. hydrogen by volume might be distributed.
None of the interchangeability techniques, even
laboratory testing, are capable of giving broad
consideration to the "in situ" condition of equip-
ment regarding field adjustment, deterioration,
accumulation of dirt and debris and venting condi-
tions. Neither do they fathom the nuances of
customers exposed to changes in the appearance or
operation of appliances. Performance on an opera-
ting distribution system is the only conclusive
index of interchangeability.

W'.th an apparent 107. assured minimum to 257.
doebtful maximum, it is important to consider the
effec-ts of hydrogen mixing on natural gas require-
ments. Since hydrogen has a heating value of only
about one-third that of natural gas,any mixing of
hydrogen will lower the heating value of the gas
distribl,tcd. However, the system will require the

274



same total heat usage regardless of the gas distri-
buted. Thus more cubic feet of the lower heating
value gas will be required during a given time
period. When the relative volumes of natural gas
required to satisfy a given heat load are calculated
for various percentage mixtures of hydrogen,the
results produce Figure I1. A 10: mixture of hydro-
gen will decrease natural gas requirements by only
3.407. and a 25% mixture by 9.55%. Hydrogen blend-
ing then has a limited potential for alleviating
natural gas shortages due to the interchangeability
factor. In contrr.st. alternative gaseous fuels
such as synthetic natural gas from tither coal or
naphtha and imported liquified natural gas are
directly interchangeable on a cubic foot for cubic
foot basis.

Although limited, the use of hydrogen would be
worth pursuing if sufficient quantities were avail-
able at a competitive price. Production potential
was explored by the Committee through a detailed
review of possible sources. Possibilities consid-
ered and conclusions reached are summarized below:

a) Coal Gasification

SNG production from coal is more attractive
than hydrogen production for natural gas blend-
ing from efficiency, cost, and compatibility
viewpoints. Hydrogen production by coal gasi-
fication may be attractive for natural gas
substitution in industries such as oil refin-
ing, ammonia manufacture, or production of
methanol and other chemicals.

b) Renewable Resources

Of the nine possibilities examined. none
appears to be feasible for large-scale appli-
cation in the mid-term. There is little
probability that a solar photovoltaic electro-
lyzes will be economically feasible in the
mid-term unless Lreakthroughs in improved
photovoltaic cell efficiency and at least a
fifty-fold reduction in manufacturing costs
occur. Because of high costs for electricity
generation in a capital-intensive facility
operating at a low annual capacity factor,
there is also little hope for solar thermal elec-
trolysis due to high cost of electricity
generation and remote siting requirements.
None of the photochemical concepts under
development are realistically close to com-
mercial operation by 2000, and more fundamen-
tal research is required before this concept
can be adequately assessed. Bin-gasification
favors methane production and anaerobic diges-
tion of organic waste materials produces much
more methane than hydrogen; reforming methane
to hydrogen would be uneconomical. No pros-
pects are seen for either solar or nuclear-
based thermocbromical hydrogen for commercial
application before 2000. Also, considerable
work remains to be done on the earth's magma
as a potential hydrogen source before economic
feasibility can even be assessed. Once tech-
nology is proven, wind electrolysis could be
attractive under the right conditions and
there is a slight chance for mid-term conner-
cialization; however, because of regional
applicability requ£rements,it could only be
employed on a minor and very select basis.

c) Electrolytic Hydrogen from Installed Gen-
erating Capacity

Because there is presently no large-scale

electrolytic equipment industry in the United
States, production on a megawatt scale requires
acquisition of equipment frem European manu-
facturers. Thus, the Committee firmly con-
cluded that advanced electrolyzer technology
is required to make mid-tern commercialization
feasible because burdens imposed by present
technology in compression requirements and
manned operations preclude any hope of com-
petitive pricing. Table 2 presents an evalua-
tion of present state-of-the-art electrolysis
technology compared to postulated goals for
advanced technology.

The General Electric Solid Polymer Elec-
trolyte (GE-SPE) approach,now under develop-
ment by the Electric Direct Energy Conversion
Laboratory at Wilmington, Massachusetts with
partial funding from ERDA and the Niagara
Mohawk Power Company, is an advanced concept.
This process employs a solid perfluorinated
polymer as the electrolyte rather than aqueous
KOH which is used in current systems. The
GE-SPE electrolysis process is an outgrowth of
the solid polymer electrolyte fuel cells
supplied by General Electric for use on several
aerospace vehicles.

Thus electrolytic hydrogen from "off-peak" elec-
tric generating capacity was found to be the only
source capable of mid-term commercialization. Pro-
duction potential then centers around the avail-
ability of "off-peak" power. Estimates by the
Committee, using the advanced electrolyzer capabil-
ity for hydrogen generation,were developed as
follows:

Nuclear generating capacity in some geograph-
ical areas may be about equal to or slightly
in excess of the base load by about 1985, and
in the 1985-2000 period this excess nuclear
capacity above the base load will probably
gradually increase. The availability of off-
peak nuclear generating capacity in the year
1995 for the contiguous 48 states has been
estimated using future generating plant capac-
itv and load data from 1976 reports filed with
the Federal Power Commission by each of the
nine electric utility regional reliability
councils. This estimate indicates that by the
year 2000 there may be a much as 72 billion
kwhr of tff-peak nuclear electricity that would
be available about 12 hours per day at an
incremental cost (fuel + 0&M) of 0.6-0.8 p/kwhr
(1975 $). This off-peak nuclear electricity
is likely to be available alon.; the East Coast
north of Virginia, in the Northern Mid-West,
and on the Pacific Coast. This 72 billion
kwhr/year would provide 0.2 Quad/year of elec-
trolytic hydrogen at a cost of $4.60-5.25/MBtu
(1975 $) including the utility rate of return
on the electrolysis plant investment. This
0.2 Quad/year would be about 17 of the U.S.
requirements for gaseous fuel.

The conversion of coal to electricity and
then to hydrogen by electrolysis involves an
overall thermal efficiency (coal to hydrogen)
of about 347. compared to 60-651% for converting
coal to SNG by the Lu:°gi process or by the
newer coal gasification processes now being
developed. However, in spite of this serious
efficiency debit, electrolytic hydrogen pro-
duction from off-peak coal fired generatin&
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capacity may be attractive at some locations.
For example, the use of electrolysis would
allow electric utilities to replace cycling
type coal fired generators with high efficiency
(low heat rate) plants that arm not readily
cycled.

Estimates have been made of the availability
of off-peak electricity in the years 1985 and
1990 from hydro, nuclear, and low cost coal
fired plants at a maximum incremental cost
(fuel + O&M) of 1.1 C/kwhr (1975 $). These
estimates are based on data provided by two of
the larger utility systems that represent 8.5%
of the total U.S. generating capacity. These
data indicate that this category of U.S. off-
peak electricity may be 256 billion kwhr/year
in 1985, 314 billion in 1990, and may reach
465 billion in the year 2000. This larger
quantity of off-peak electricity includes the
off-peak nuclear electricity, discussedabove;
it also is available about 12 hours/day and
would vary somewhat from season to season. It
was assumed that 260 billion kwhr/year of this
465 billion total could be used for electro-
lysis in the year 2000. This would provide
0.8 Quad/year of electrolytic hydrogen or
about 47. of the U.S. gaseous fuel requirements
in the year 2000. This electrolytic hydrogen
would cost about $6.20/MBtu (1975 $) including
return on the electrolysis plant.

While the estimates of future available
electrolytic hydrogen are significant, up to
4.07. of U.S. gaseous fuel requirements in year
2000, the probability of actually achieving
this output must be considered. Thio proba-
bility factor is rather low because low cost
off-peak electricity may not be available due
to greater than anticipated electrical demand
or delays in the construction of nuclear power
plants. It may not be attractive to use elec-
trolysis if SNG from coal gasification develops
more rapidly than is now anticipated. There
is also the distinct possibility that, if
available, the low cost off-peak electricity
may be utilized in an energy storage system
such as pumped hydro or underground compressed
air or by the use of time-of-day electricity
pricing or for the night-time recharging of
electric vehicles. Obviously, the competition
for this energy is real. Utblity managements
will determine the end use which is most apt
to be directed toward optimum profitability
and benefit for the electric system operation.
There is no apparent strong incentive for the
use of this energy as a natural gas supplement
by producing hydrogen. Accordingly, the Com-
mittee judged that a factor of no more than
0.10 would be applicable. Such probability
scales down the anticipated hydrogen produc-
tion to an order of about 0.4% of U.S. gaseous
fuel requirements in year 2000 and increases
the expectation that it would be on a lim;ted
regional basis rather than having national
effect. On this basis, using 20 quads of
energy requirement annually, electrolytic
hydrogen production for supplementation would
approach 0.08 quads or 0.25 trillion cubic
feet. This is less than 0.1 trillion cubic
feet of natural gas equivalent but worth
approximately 0.5 billion. dollars at the cal-
culated production cost of $6.20 per million
BTU.

second Criteria - Mdrogn wil: be cost competitive
with other s_gpiemental fuels till costs based on
1975 dollars).

Prer*ent electrolyzer technology and industry in
the U.S. is not adequate for hydrogen generation
on the required scale because MW capacity units are
not available and hydrogen production costs are
prohibitive.

Commercialization requires successful development
of advanced electrolyzers such as the General Elec-
tric Solid Polymer Electrolyte (SPE) process.
Granting such development, at an approximate cost
of 20 million dollars, hydrogen production costa
(1975 $) range from $4.60-$5.25 per million Btu
(from nuclear off-peak generation only) to $6.20
per million Btu (from all off-peak generation up
to 1.1 0/kWh in 1975 $). The lowest hydrogen pro-
duction costs are comparable to the highest supple-
mental gaseous fuel costs of past years, namely
substitute natural gas from naphtha. at $4.50 per
million Btu. The major competitive gaseous fuel
under development, substitute natural gas from
coal ,MG) at a projected cost of $3.50 per million
Btu, shows hydrogen to be 77.1% higher, although
these projections might be revised upward along
the course of development to commercialization.

In order to arrive at hydrogen production costs,
detailed studies involving capital and operating
cost estimates for the GE-SPE system were carried
out. These economic data were then used with cost
and availability estimates of low cost off-peak
electricity to calculate the quantity and coot of
electrolytic hydrogen that could be produced with
the available off-peak electricity.

The capital and operating costs for the GE-SPE
system are defined in Table 3. The installed cost
of the electrolysis plant has been assumed to be
$150/kW of hydrogen product (1975 $1). GE has
suggested that this figure might ultimately be as
low as $100AW after a substantial amount of
capacity has been built and the learning curve
experience is well advanced. The efficiency of the
process has been assumed to be 907. (hydrogen pro-
duct/AC power in); this figure is at the high end
of the GE suggested target range of 85-90%.

The production cost of the hydrogen product
derived in the tabulations is plotted as a function
of the cost of electricity in Figure III.

Assumptions used in developing these costs are
explained in Table 3. The more important assump-
tions are as follows:

• The annual recovery of capital is 17%
corresponding to that for the electric
utility industry in the U.S.

• Labor and supervision costs included in
this calculation assume essentially unat-
tended operation of the electrolysis equip-
ment. The costs employed correspond to
0.1 man/shift in Column I and 0.08 man/shift
in Columns 2, 3, and 4. The basic assump-
tion is that this electrolysis equipment
will run essentially unattended in small
units of 5.0 DR output (51,500 SCF /hr
hydrogen product) at dispersed locations
such as utility substations. If constant
operator attention is required, production
costs for small dispersed units will be
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very high. If operator attention to th-
electrolysis facility is required, it •&11
probably be desirable to use large units of
50-100 MW and to locate these plants at the
electric generating stations where operator
attention can be provided at reasonable
(incremental) cost.

• Capital costs for the power conversion
equipment are proportional to the plant's
hydrogen production rather than a constant
annual dollar value, assuming that the
power conversion equipment is providing a
useful service on the utility grid in reac-
tive power control when the electrolysis
plant is not used for hydrogen production.
This might not apply if it were necessary
to employ large electrolysis plants at
central stations rather than the smaller
electrolysis units at substations. If this
reactive power control credit were not
realized, the electrolytic hydrogen produc-
tion costs would be increased by $0.10/MBtu
for the capacity factor cases.

• Maintenance and general overhead annual
charges are assumed to be 6.67. of invest-
ment. This corresponds to rather low
overall annual maintenance costs.

It will be noticed that hydrogen storage has not
been factored into any of the prior considerations.
The Committee came to the firm conclusion that costs
associated with any technically feasible hydrogen
storage techniques would be prohibitive in the mid-
term. This is especially true with the relatively
small (5 MW) facility. The concept for handling
pure hydrogen and injecting it into a flowing
natural gas pipeline is conceived as essentially
a flow-through operation with only "surge" or
"buffer" storage involved.

Third Criteria - The electric ;ewer industry must
be motivated to devote their low cost off-peak
power generating potential to hydrogen production.

Off-peak electric capacity is a commodity under
continuous and intensive study. Utilities seek to
minimize its availability by power pooling and the
optimum design of their generating facility "mix".
It is subject to change in availability as a new
plant goes on line and then load grows to utilize
this capacity. Changes in operating practices,
such as "time-of-day" billing, which could change
the historic peak vs. off-peak relationship to
reduce the availability of off-peak power, are
contemplated. Techniques for energy storage
including pumped hydro, compressed air, battery,
and sensible heat thermal storage are in use or
under study. Finally, altercate end uses of elec-
tricity such as battery charging for transportation
could change the off-peak picture. All of these
reduce the attractiveness and probability for
hydrogen generation as a supplement to natural gas
on a national scale although it could be viable In
more localized regions.

Given the lim3_ted reduction in natural gas
requirements which could be derived from hydrogen
blending and the unfavorable production cost picture
versus other alternative fuels, the 'Zommittee judged
that a low probability factor must be applied for
commercialization. These factors taker, together
prompted the decision against recommeadinv a major
research, development and demonstration project at

this time.

Fourth Criteria - No overriding environmental
safety. legal, node or regulatory considerations
would preclude the hydrogen - natural gas supple-
mentation concept.

Throughout the study, this criteria was constant-
ly reviewed by the various groups investigating
major aspects of the concept such as supply, injec-
tion, transmission, distribution and utilization.
Similar concerns were developed in each group
relative to these considerations but the general
concensus was that no insurmountable obstacles
exist. Put another way, if the first three
criteria were met, the fourth could be handled.

Sufficient experience and expertise exists for
the design and construction of hydrogen handling
facilities. The space program and various chemi-
cal plant operations including synthetic natural
gas development have provided much knowledge.
Likewise, numerous parallels exist between the
hydrogen blending requirement and long standing
gas utility peak-shaving operations which utilize
propane-air mixtures blended with natural gas.

However, hydrogen does have different character-
istics from more conventional gaseous fuels which
must be compensated for. These properties include:

• Low density (0.07 specific gravity) which
makes containment more difficult.

• Wide flammable limits (4-75% by volume in
air), as well as lack of odor and rtaility
to burn without visible flames which create
greater hazards.

• The potential for hydrogen embrittlement of
materials under certain operating condi-
tions which requires special attention.

In spite of the above difficulties, hydrogen is
handled successfully in refinery operations and
chemical plants.

A full range of clearances would be needed for the
construction of hydrogen facilities including
environmental impact statements, hearings, appeals
and decisions. Operating demonstrations would
serve a real purpose in establishing precedents if
hydrogen supplementation were to be pursued for
mid-term commercialization.

Facilities would be required to meet the Minimum
Federal Safety Standards, Part 192 - Transportation
of Natural and Other Gases by Pipeline - adminis-
tered by the Office of Pipeline Safety Operations
(OPSO). Also, State Public Service Commissions
operating as agents for OPSO or on their own
authority could impose safety requirements. At
present there is no specific coverage for hydrogen
facilities in the regulations governing gas trans-
mission and distribution. Useful developmental
work could be done by compiling existing standards
and codes through governmental agencies, various
industry agencies, and recognized standards organ-
izations such as ASME and ANSI. Such a compilation
would be valuable in orienting the safety codes,
such as Part 192, toward hydrogen coverage.

Hydrogen was distributed in manufactured gas, at
concentrations in excess of 30% by volume, for over
125 years. There is no record of it being a problem
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eonstitusnt during that entire era. Even today,
some companies use appreciable percentages ©f hydro-
gen in their send-out gases. High pressure
(500 psi$) transmission mains are used to trans-
port sous of this gas to the distribution network.
Based on this experience, it would appear that no
insurmountable obstacles or significant hazardous
conditions would preclude the transmission and dis-
tribution of 10-15% by volume mixtures of hydrogen
In natural gas. However, the degree of relative
uncertainty combined with the rick of widespread
exposure werrants a closer look at potential
conaerns.

Regulatory involvement could also be incurred by
the intermittent but routine injection of hydrogen
and its effect on the Btu content of gases reaching
end-use customers. The heating value would vary
for those customers served by the supplemented gas
and,in addition, be different from the unmixed
natural gas served to other areas of the system.
These influences could cause complications in
billing practices and might require more detailed
monitoring of heating value by geographical area
within a service territory than is currently,
practiced.

Utilities are subject to State and local codes
governing the installation of piping and equipment
in buildings. Most reference the National Fuel Gas
Code which is Amer i can National Standard (ANSI) Z
223.1. Little, if any, change in this code is con-
templated as a result of the low hydrogen concen-
tration being considered. However, an interface
with ANSI would be prudent if a demonstration
program was instituted.

The same comment applies to the ANSI Z 21 series
of standards covering gas appliance construction
and performance. Almost all such equipment is
certified under these standards for use with natural
gas and certain other commonly used gaseous fuels
through the American Gas Association Laboratories.

SUMMARY

The Ad Hoc Committee examined one possible mid-
term application of hydrogen. In light of rapidly
changing circumstances it may be appropriate to re-
examine hydrogen's prospective role in alternative
mid-term applications on a regular basis. The
Committee recommended that the proposed hydrogen-

For-natural-gas-supplementation scheme be
re-examined in a time period beyond three years. As
a result of technology advances some of the hydro-
gen production options eliminated by this study,
such as wind, solar, ocean, thermal, biomass, and
thermachemical production,may be reconsidered.
Furthermore, the Retire issue cif availability and
cost of off-peak power is not only relevant to
hydrogen production but also bears directly on
electric energy storage and electric automotive
programs and should be periodically examined. Such
continuous studies are valuable to several on-going
ERDA-GPRI and industry R&D programs in addition to
being relevant to the issue of hydrogen production
from electric sources. ERDR, in association with
the utility industry, should remain alert to iden-
tify possible new mid-term hydrogen applications.
Escalating fossil fuel prices must be considered;
the expectation that synthetic gas front coal will
be available at competitive prices should be ques-
tioned. Also, changes in the projected rate of
addition to nuclear or other low cost base %oad
capacity must be considered. Major changes in the
above circumstances would require a reassessment
of the present decision not to recommend a demon-
stration project at this time.

The Committee believes that its report presents
a fair appraisal of the potential for mid-term
supplementation of natural gas with hydrogen.
General agreement on the contents was reached
through many meetings and discussions. This brief
presentation cannot do justice to the full report
which is now available. Much effort was given to
the final Conclusions and Recommendations oihich
are reproduced in full as Appendices A and B.
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TABLE 1

Representative Natural Gat. Composition

and Properties

Constituent Symbol % Volume

Methane CH4 96.53

Ethane CA 2.38

Propane C08 0.18

Iso-Butane C4H10

N. Butane C4H10 .02

Carbon Dioxide CO2 0,77

Nitrogen N2 0.12

100.00

Gross Heating Btu/Ft3 1026
Value (dry)

Specific Gravity S.G. 0.576
(air . 1.0)

Hydrogen H2 100.0

Gross Heating Btu/Ft3 325.0
Value (dry)

Specific Gravity S.G. 0.07

Change in Heating Value and Specific Gravity
With Various % Hydrogen Mixtures

% Hydrogen Mixture with N.G.
in Mixture Btu/CF 'Sa.Gr.

0 1026.0 0.576

5 990.95 0.551

10 955.9 0.525

15 920.85 0.500

20 885.80 0.475

25 850.75 0.450



TABLE 2

Goals of Advanced Electrolyzer Technology

Compared to Present State-of-the-Art

Present Advanced

Installed Capital Costs $/KW
i

300.00 150.00

Operating Efficiency % 65.0 90.0

r	Space Requirements Amps/sq.ft. 250.0 1000.0
A

Output H2 pressure PSIG 14.7 450.0

Time to come on line Minutes Seconds

Time to drop off line Minutes Seconds

Operation Mode Manned Unmanned

Maintenance Costs Medium Low

Minimum Life
i

10-15 Years 20 Years

i

1.
i

i
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TABLE 3

Electrolytic Hvdromon Cast by GE-SPE Pry ocess

Operation by a utility using o€€-peak electricity
3985 operation, 2975 $

Plant - SPE electrolysis with forced comautated converter Interface
Location - Northeast U.S.
Utilization factor for converter - 0.90
Utilization factor for electrolyzer - 0.45
Electrolyzer capacity - 5.0 MW hydrogen product - 17.075 MBtu /hr hydrogen product

- 52,538 SOP/hr of hydrogen or 26 ,269 SCF/hr of oxygen
Thermal a€€iciency - 90.0%
Electrical input for capacity operation - 5.556 MW
Hydrogen product pressure - 450 prig

Investment

Power conversion and switchgear
Electrolysis modules
Other process equipment
Installation costs
0€€sites
Contingency

Column No.

KW out	 $ thousands

45 225
20 100
23 125
22 120
15 75
25 125

Total	 150 750

2 2	 3	 4

Converter capacity factor 0.90 0 .90 0.90 0.90
Electrolyzer capacity €actor 0.90 1.45 0.45 0.45
Electrolyzer operating hours per year 7884 3942 3942 3942

Hydrogen production MBtu/yr X 103 134.6 67.3 67.3 67.3
Electricity input kWhr/yr X 406 43.8 21.9 21.9 21.9

Electricity cost, C/kWhr 1.0 ^,6 0.8 1.1

Working capital, $ X 103 (Note 1) 78 26 33 44

Annual Costs n $ Thousands

Electricity 438 131 175 240
Water and chemicals (Note 2) 7 4 4 4
Labor and supervision (Note 3) 25 18 i8 18
Maintenance and general

overhead (Note 4)
• Power conversion (Note 5) 25 8 8 8
• All other 35 35 35 35

Capital charges (Note 6)
• Power conversion (Note 5) 38 19 19 19
• All other 89 89 89 89

Working capital charges (Note 7) l.,6 5 7 9
Total 663 309 355 422
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TABLE 3 (cont'd)

Column No.

Electrolyzer capacity factor	 0.90	 0.45	 0.45	 0.45
Electricity cost, OkWhr	 1.0	 0.6	 0.8	 1.1

Costs. $/MBtu of hvdrosten product

Electricity 3.25 1.95 2.60 3.57
Water and chemicals 0.05 0.05 0.05 0.05
Labor and supervision 0.19 0.27 0.27 0.27
Maintenance and general overhead 0.37 0.64 0.64 0.64
Capital charges 0.95 1.61 1.61 1.61
Working capital charges 0.12 0.07 0.10 0.13

Total 4.93 4.59 5.27 6.27

Oxygen credit	 (Note 8)

Note 1 - Working capital - 2 months costs of electricity, water + chemicals,
and labor and supervision.

Note 2 - Charges for water and chemicals are $0.054/MBtu hydrogen product.
Note 3 - Labor and supervision for 1.0 man/shift would be $236,000/yr.
Note 4 - Maintenance and general overhead are 6.67. of investment each year.
Note 5 - Maintenance and general overhead and capital charges for the power

conversion and switchgear equipment is charged in proportion to its
use for electrolysis since when not used for electrolysis it pro-
vides credits to the utility for power factor correction.

Note 6 - Capital charges are 17.0% of investment per year.
Note 7 - Working capital charges are 21.0. of working capital per year.
Note 8 - If oxygen production could be marketed at $24/ton, the credit

would correspond to $1.53/MBtu of hydrogen.
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APPENDIX A

Conclusions

A. Electrolytic hydrogen is presently too expensive relative to other
supplemental gas supplies but such hydrogen may become a limited
quantity supplemental fuel in the future, especially in cases where
low-cost "off-peak" capacity is available.

B. There are no insurmountable problems in the safety, environmental,
or regulatory areas which would prevent or preclude commercialization
of hydrogen supplementation of natural gac. Excluding the production
of hydrogen, the incremental system costs (such as transmission, dis-
tribution and injection) would not be significant.

C. Laboratory tests and calculations ind'cate that the composition of
blends would be limited to 107. hydrogoaa by volume without changes in
system or end-use devices. With changes in end-use devices, levels
could go to 20-257. hydrogen by volume blended with natural gas for
satisfactory operation.

D. Opportunities for supplementing natural gas using refinery and chem-
ical plant by-product gases may exist today at economically feasible
costs.

E. Hydrogen may be more valuable as a chemical commodity rather than as
a supplement to natural gas provided that storage would be available
to deal with the intermittent nature of the source.

F. If coal is the primary energy source being considered for natural gas
supplementation, it may be more appropriate to produce synthetic natural
gas (SNG) rather than hydrogen.

G. For some utility companies, electrolytic hydrogen integrated with the gas
grid and dispersed generation devices (fuel cells or high temperature
turbines) may offer a unique electric/gas peak-shaving system that can
be used for weekly or seasonal duty cycles not covered by batteries or
other !.ad management schemes. This approach may result in significant
overall system benefits.

H. The Committee recognizes that beyond the year 2000 there may be al-
ternate energy sources providing for existing natural gas end uses
such as increased electrification. A significant role for hydrogen
is anticipated but competition with alternate energy supply mediums
for end-use applications must continue to be examined. Particular
consideration should be given to production from renewable resources
which can interface with the gas grid.

I. Thar .;cnclusions drawn by the Ad Hoc Committee with respect to natural
gas supplementation cannot be generalized. Since there are other
applications of significant potential, the ERDA alectrolyzer and other
hydrogen RD&D programs should be continued.



APPENDIX B

Recommendations

A. The Committee found no justification to initiate implementing a
demonstration of hydrogen production and natural gas supplemen-
tation within the next five years. If significant interest is
shown by a utility or utility consortium, the government should
evaluate these proposals on their own merits.

B. The federal government should continue to support those research
activities aimed at solving natural gas supplementation related
problems.

C. The federal government should continue to support advanced electroly-
zes development.

D. The natural gas industry should investigate the availability and cost
of by-product gases from industries such as refinery and chemical
plants as a supplement to natural gas.

E. ERDA should foster research related to longer range use of hydrogen
as a possible and gradual replacement for natural and/or synthetic
gases.

F. The gat and electric utility industries should continue to be involved
in establishing the technology base in anticipation of the time when
hydrogen could play a more significant role. To the extent that ERDA
assistance is warranted, that assistance should be on a cost-sharing
basis (as distinct from sole ERDA funding) wherever practical.

Caveat

A. The availability and cost of 'off-peak" and "spinning reserve" capa-
city in the electric power industry along with an assessment of
market penetration for electrolytic hydrogen is being developed
separately by the Public Service Electric and Gas Company through an
ERDA funded study.

B. All costs in this report are shown in 1975 dollars. Cost data was
derived from different sourcea, and,although the best presently
available, may not have equal reliability. For example, production
costs for synthetic natural gas from coal were developed by the ERDA
Fossil Fuels Division while advanced electrolyzer hydrogen production
costs were provided by General Electric, developers of the GE-SPE
process.

C. The limit of 10% by volume mixture of hydrogen in natural gas for
interchangeability was taken from ERDA funded research work currently
In progress at PSE&G. This limit is subject to verification by fur-
ther research and ultimate field demonstration.

A U. S. GOVERNMM FRIN ICiO OFFICE: 1978 261-325/623
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