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FOREWORD 

This' is the second ·a.I+nual progress report describing a 
program supported by the u.s. Energy Research. and Development 
Administration, Division of Conservation Researc.h and Technology, . .. . . . . . . - .~ 

(ERDA-CRT) Chemical Storage Branch, for the development of the 
technology of electrolytic hydrogen production, storage, and 
reconversion to electricity. The program was initiated on 
f>7ovamb~;~; 1, 1 q71. The emphasis is on rhP. i.mprovero.ent in the 
cost and ettlt..:.i.t:!w.:;y of electrolytic hyr:ir(')gAn. pruuu.c..: I,.. .ion a11d 
the use of metal hydrides for hydrogen storage. The scientific 
basis for the use of metal hydrides for hydrogen storage was 
established in a program at the Brookhaven National Laboratory 
under way since 1967 ancl flOW supported by the Energy.Research 
and Development Administratiuu, Divi.5ion of ~.iolooular Science. 
The primary goal of this program is the development of the 
technology, hardware, and technical skills required to apply 
the technique of using metal hydrides, namely iron titanium, 
to the problem of electric energy storage, and in the general 
application of hydrogen in selected sectors of the U.S. energy 
system. Design work on a full-scale storage plant has been 
initiated along with systems analysis stu~ies of energy storage 
in utility systems. Engineering tests, hardware design, and 
laboratory studies in support of the engineering development 
program are in progress • 

.l:'rior ·Lu the ini tiG.tion of thF:l F:RnA-DES proqram, construc­
tion was begun on a metal hydride storage reservoir for the 
Public S~~rir.P. F.lectric and Gas Company of New Jersey (PSE&G). 
A system which holds approximately 14 lb of hydrogen was de­
livered and installed at PSE&G, and is currently being operated 
by the utility as part of an electric energy storage experi­
ment. 

This program is now supported jointly by the ERDA-CRT and 
the Empire State Electrical Energy Research Corporation (ESEERCO), 
a group of the major New York State utilities that sponsor re­
search related to the needs of electric utilities. ESEERCO is 
supporting work on a specific test bed project which is des­
cribed in Task Group 3.1 - Engineering Test Beds. 

- X -
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. In order to facilitate the speedy preparation of the 
quarterly and annual reports, the report is divided into 
distinct sections corresponding to the major areas of 
work in the program. Identification of figures and tables 
related to each.area is facilitated by a prefix added to·the 
figure or table number. For example, Table 2-3 corresponds 
to work in Area 2 - Hydrogen Production and Auxiliaries. 
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INTRODUCTION 

'rh.e Hydrogen Energy Storage Program is ·concerne·d with the 
dev~lopment of an integrated hydrogen production~ storage, and 
reconversion system designed for peak electric ~ervice by elec­
tric utilities. This concept appears.to.be a very promising· 
and flexible al terna·tive· to pumped storage and peaking gas 
turbines which are limited by lack of suitable sites and the 
inefficient use of high-grade fossil fuels, respectively. 
When a hydrogen production and storage system is coupled with 
a conversion device, such as a fuel cell or gas turbine, it is 
possible to operate the conve~sion uevic~ in both a stora~e 
and generating mode. Thus, a hydrogen electric storage system 
can hP. operated as a "Dual Mode" device using off-peak electric 
capac.it-y in the storage mode or in the generatin9 1node u·.sing 
distillate fuel. Operation in the "Dual Mode" allow::; l.JeLLer 
seasonal matching with available off-peak capacity and offers 
a greater degree of flexibility to a utility than a passive 
storage de~ic~. It also allows the possible use of hydrogen 
produced from off-peak power as a supplement to the natural 
gas supply. Quantities of hydrogen up to 1~/o can be injected 
into existing natural gas systems allowing the flow of nuclear 
or solar energy into the u.s. natural gas supply. 

The Energy Research and Development AU.mini~tra.tion, 
Division of Conservation Research a.nd Technology, Chemical 
Storaqe Branch (ERDA-CRT-CSB) is supporting this program which 
has the goal of developing the technulutJy, hardwa.rc, ana tech­
nical expertise necessary for improving the efficiency reducing 
the cost of electrolytic hydrogen production and secondly, to 
apply the technique of using metal hydrides, namely iron titan­
ium, for hydrogen storage. Although in the storage work the 
emphasis is on the application of metal hydrides, other hydro­
gen storage options, high-pressure gas and liquid hydrogen are 
given due consideration. 'rhe program recognizes that the 
development of a low-cost efficient method of hydrogen produc­
tion is essential if nuclear and solar energy sources are to 
be used to supply some of the fuel needs of the future, pre­
sently supplied by natural gas and petroleum. 

A preliminary Management Program was prepared at the 
initiation of the program to assist in coordinating the diverse 
design and development activities required to achieve the 

- xii-

' 

.. 



~-· 

program-goals in an orderly and efficient manner. This plan 
has been updated to reflect progress and new task initiatives. 

The program has been organized into five· major areas. 
The first deals with the Engineering Analysis and Design 
Activity which provides an integrative function. The next 
three areas cover the development activity on production, 
storage, and conversion, respectively, while the last area· 
comprises the Prototype and Demonstration Facilities that are 
planned. With respect to each of the development areas, the 
research approach varies considerably. ·The Production Area 
involves both Brookhaven and contractor development work, as 
does the Storage Ar~a. In the Conversion Area, on the other 
hand, the major activity is going on in industry quite inde­
pendent of the Brookhaven program. Our efforts are 
directed primarily towards maintaining close contact with 
that work, encouraging· developmental efforts which relate to 
this program, and studying the integration of conversion 
components in·to the overall system. · A list of the five areas 
follows: 

Area 1. 
Area 2. 
Area 3. 
Area 4. 

Area 5. 

Engineering Analysis and Design 
Hydrogen Production and Auxiliaries 
Hydrogen Storage Deve~opment 
Electric Generating Systems and 
Auxiliaries (Fuel Cell, Turbines, etc.) 
Facilities 

A detailed description of the scope of activities in 
each of the major areas is given in Appendix A which is in­
cluded as a part of each progress report. Each major area in 
the Management Plan is broken down according to the associated 
task groups and identified with a numerical notation where the 
unit place represents the major area and thr: decimal place 
identifies a particular task group. For exc.-.liilple, 1.1 corres­
ponds to Area 1, Engineering Analysis and Design and Task 
Group 1.1 is the first task and deals with Program Planning 
and Management. A complete list of the major areas and 
associated task groups is given in the schedule in Appendix 
B. The format of all progress reports is to state progress 
in each of the major areas according to the numbered task 
groups. The scope of the activity associated with each task 
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group will be stated in each report along witl1 PL'UlJL~::>::; l:t=ported 
in connection with that task group. A list of the major mile­
stones for the program through Fiscal Year 1976 is given in 
Appendix c. 

The revised Management Plan (HES-2) should be consulted 
regarding further breakdown of the.task groups into more 
detailed subtasks involving specific activities of shorter 
duration being performed by individuals or groups charged with 
o. opccifia re•ponsibi 1 i ty :=mr:h as: desiqn, fall.t:l~.:ctL.ion, cal~­

bration, operation, etc. 

The problem of technology transfer is recognized and the 
.tasks have bee~ structured so as to involve the eventual user, 
designe~s, and material suppliers throughout the course or the 
progrmu. A start was made-in connection with this need when a 
cooperative program with the Public Service Electric and Gas 
Company of New Jersey to build an iron titanium hydrogen stor­
age t·ank holding a minimum of ten pounds of hydrogen was ini­
tiated early in 1973. Also, a portion of the present funding 
come~ from the Empire State Electrical Energy Research Corpora­
tion (ESEERCO). Efforts to encourage technology transfer in 
the use of metal hydrides for hydrogen storage is a continuing 
effort during the course of the program. Appendix D is a list 
of the current subcontracts in progress which relate to the 
prime objectives of the program. 
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useful reference electrode system is available. A transient 
method for obtaining Tafel plots has been developed which 
facilitates the rapid measurement of electrocatalytic activities 
of prospective electrode materials. These techniques and others 
are being used to study the catalytic behavior of various nickel 
based alloys for use in alkaline water electrolysis systems. 
Similar work on noble metal alloys systems for use in acid 
(solid polymer) electrolyte system is being carried out at BNL 
and via subcontract to the Middle Tennessee State University. 

A number of prospective barrier materials for use in 
alkaline electrolysis systems have been screened in equipment 
built during FY 1975. Potassium titanate has been identified 
as a promising candidate separator material which would allow 
operating temperatures of 150°c in alkaline systems. 

A BNL subcontract has been given to the General Electri~ 
company for the design of a hydrogen production plant based on 
the solid polymer electrolyte concept and .which would be suitable 
for use in a 26MW(e) hydrogen electric storage plant, i.e., the 
Reference Design hydrogen electric storage plant be~ng developed 
under subcontract to Burns & Roe. 

Area 3 - Hydorgen Storage Development 

Test Bed A-1, for long term attrition studies, was operated 
for 1200 hydride-dehydride cycles. About 6~/o of the starting 
FeTi alloy, VE 524, suffered a factor of ten size reduction 
whereas the ability to absorb hydrogen showed no decrease. This 
bed was also used to obtain both kinetic and equilibrium data on 
the same batch of commercial FeTi material after repeated cycling. 

Test Beds A-1-1 and A-1-2 were constructed and put into 
operation to further study attrition. Bed A-1-1 has 16 mesh 
starting material and has completed about 1360 cycles. Bed A-1-2 
uses 100 mesh starting material and has completed 1460 cycles. 

·No-1 FeTi alloy from National Lead is the starting material for 
both beds. 

An aluminum vessel was constructed to decrease the ~t in the 
vessel (improve heat transfer) and to gain experience with alumi­
num as a potential container material. This bed has been used to 
study the hydriding pressure versus composition curve of NL-1 
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material and will also be used for impurity additive studies and 
hydriding/dehydriding dynamic studies. 

The 10-lb hydrogen reservoir (FeTi) built for Pubi"ic 
Service Electr.ic and Gas Company of New Jersey has continued 
to function without difficulty in their hydrogen-energy storage 
test facility, and we have maintained liaison with them, mainly 
by reviewing data supplied to us.· Operation of the reservoir, ~ 

which is coupled to an electrolyzer and a fuel cell, is now 
routine and ten ('nmpl P.t.P. chant;Je and ~;i.scharqe ruu::; Wt!Lt! .::~u(;C~~~-

fully completed. The reservo1r was Operae.e6 at hyuruyt!H LLctu~ft!r 
rates of 1.4 - 1.5 lbs/hr and is capable of delivering 13 pounds · 
of hydrogen at the above rate. 

The design and construction was completed on the 6-in.­
diameter test bed which contains 84 pounds of iron titanium 
alloy and is capable of storing 1.2 pounds of hydrogen as a 
hydride. This device represents a simple heat transfer cell, as 
would exist in the Reference Design B concept, from which thermal 
and kinetic data will be obtained for use in the design of larger 
fixed bed internal heat exchange type reservoirs. The vessel is 
2.5 feet long, has an axial porous metal tube for the particle 
barrier, is provided with 21 internal thermocouples, and an 
exterLal jacket through which cold or hot water is circulated to 
handle the thennal load during the charging or discharging of 
hydrogen. Following ~ctivation of the alloy to produce the 
initial hydride, the first discharge run was successfully made. 
This reservoir is known as the ~s~~~co Test Bed Ut!cctuSt! of 
support contributed by the Empire State Electric Energy Research 
Corporation for the construction and operation of this engineering 
test bed • 

.A.l though the 300-series stainless steels are now used 
successfully for the construction of small-scale hydride storage 
equipment, tl1ey are too costly for use in large-scale plants and 
must be replaced by low cost steels which are resistant to hydrogen 
embrittlement and excessive loss of ductility. A cooperative pro­
gram to identify suitable materials was initiated with Sandia 
Laboratories. Screening tests of candidate metals in pressurized 
hydrogen were begun at Sandia, and the design and construction of 
equipment for exposing test specimens in the iron titanium hydride 
environment were started at Brookhaven. Eighty self-loaded tensile 
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specimens of two common steels, an alloy steel, an aluminum alloy 
and a stainless steel will be exposed. These plain, notched and 
welded forms will be evaluated at their proof stress level, i.e., 
the highest stress expected in ordinary operations. 

Evaluation of potential safety hazards presented by FeTi as 
a hydrogen storage media has been evaluated by means of in-house 
work and subcontract to the Denver Research Institute. No un­
expected hazards have been identified. 

Work to develop a commercial vendor for iron titanium has 
progressed and a subcontract has been given to the International 
Nickel company to assist in the development of a specification · 
for large quantities of material which could be produced ln a 
commercial process. Commercial prepared material received from 
"Timet" a subsidiary of ~ Industries has been shown to" approach 
the behavior of zone refined FeTi. Optimization work on Reference 
Design B has identified the desired characteristics of FeTi, i.e., 
pressure, temperature composition and hysteric behavior. Labora­
tory studies have identified a ternary composition containing 
manganese which is close to meeting the·· optimal design require­
ments and e.xhibi ts app·reciably reduced hysteresis. 

Area 5 - Facilities 

It has been decided that the Prototype Test Facility (PTF) 
will utilize-the Reference Design B scheme, i.e., fixed bed with 
internal heat exchange. The hydrogen storage reservoir for the 
PTF will have a SOkW thermal equivalent power rating and a SOOkW 
hour thermal equivalent hydrogen capacity. A process instrumenta­
tion diagram has been prepared and design work is in progress. 
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PROGRESS IN AREA 1: ENGINEERING ANALYSIS AND DESIGN 

Task Group 1.1 Program Planning and Management 

Scope: This Task Group includes all the tasks required 
to prepare and update a management plan in sufficient detail 
t·o assist in the attainment of the project goals in an ef.fi­
cient and economical manner. Manpower requirements, costs 
estimates, and schedules are included in the plan. The program 
plan defines the separate tasks or groups of tasks in the over­
all program and indicates their impact on the proqram. 

The monitoring of the technology transfer effort in the 
program is an extremely critical activity in this Task Group. 
Provisions have been made in each program area to obtain the 
necessary utility, architect engineer, and contractor involve~ 
ment that is required to ensure that the ultimate system will 
be implemented as easily as possible. Safety and reliability 
are also recognized as being important to public acceptance. 
Again these factors will be addressed in each program area and 
will be monitored as part of the work in this Task Group. 

The preparation of progress reports and budget material 
is also included in this Task Group. 

Progress During the Report Period: The Management Plan 
(HES-2) has been revised to reflect progress during the past 
year and one new task initiated, i.e., Task 3.4--The Selec-
tion of Container Materials--has been added. ·The need for this 
activity was demonstrated via disc~ssions with Sandia regarding . 
the available information required to select container materials 
for a metal hy'dride storage facility. Sandia is a participant. 
in this effort. 

The projected program schedule has been revised and is 
shown in Appendix B. These changes and the revised set of 
projected milestones in Appendix C reflect new initiatives 
and minor changes in priorities and direction indicated during 
the fiscal year. 
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Liaison with the interested electric utilities has con­
tinued. contact and discussion have been underway with pros­
pective fuel cell supplies; however, funds were not available 
in FY 1975 to initiate any subcontract efforts regarding con­
version devices for electric storage systems. 

In anticipation of the program schedule, a major effort 
was made to make contact and initiate discussions with pros­
pective suppliers of water electrolysis equipment. Electro­
lyzer equipment options for the Prototype Test Facility {PTF) 
will be examined in the new fiscal year. 

A new initiative on the development of ternary iron 
ti tani.um alloys with more desirable properties than the pure 
iron titdH.ium alloy~ for atorQ.gc applications has b~?~?n prn­
gra.I\U\'\e6 !ntu ·tln~ .I:J.L.'t=St:li't effort. Thio io in aocord with t.h~? 

program goal of achieving the lowest cost storage technology. 

A number of subcontracts relevant to the program objec­
tive have been placed and the general scope of these efforts 
and the participating contractors are listed in Appendix D. 

The schedule for the PTF has been pushed forward to more 
closely follow the schedule of work ip Task 3.4 on the selec­
tion of container materiais. 

Based on energy storage system studies an6 recent u~~.iyu 
efforts, it appears desirable to maximize the utilization of 
the fuel cell or other conversion devices and hydrogen pro­
duction equipment. As such, we have begun to examine more 
closely the "dual mode" concept where the fuel cell or other 
conversion device can be a generating dev~ce using 6!stillat~ 
fuel or operate in an electric storage mode using hydrogen 
produced from off-peak power. This allows for better use of 
high cost capital facilities than a straight electric-to­
electric storage system, it offers great operating flexibility, 
good seasonal matching with availability of off-peak power 
and the option of injecting some of the hydrogen produced 
into a utilities natural gas supply as required. In this 
scheme, the fuel cell can serve both as an intermediate load 
and peaking device operating for storage or direct generation, 
via hydrogen or distillate fuels respectively. This makes for 
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effective utilization of the fuel cell. Also, the stored 
hydrogen can be used to improve the load carrying ability of 
the fuel cell distillate oil reformers by by-pas::;ing stored 
hydrogen around a base loaded reformer to meet a varying load. 

Task Group 1.2 Reference Designs of Demonstration Facility 

Scope: This task contains the activities necessary to 
prepare reference designs for the demonstration storage facility. 
The initial design will be based on estimated performance and 
as data become available·from the development work, the design 
will be revised. The use of liquid hydrogen and pressurized 
hydrogen gas as storage schemes will be examined with respect 
to the reference design. 

Progress During the Report Period: The design of _the 
electric energy storage system proposed in an earlier report 
(BNL-19231, July 1974) has been developed in conjunction with 
Burns and Roe, Inc. In this design, designated Reference 
Design "A", the temperature of the iron titanium beds is 
controlled by circu~ating gaseous hydrogen with the heat 
transfer done in external gas to water heat exchangers in 
series with the beds. 

The development of Reference Design "A" at ·::his time 
identifies the areas holding the most promise for future re­
search and development, and provides a state-of-the-art design 
with which to compare competing technologies. 

Figure 1-1 is a flow schematic for the overall plant 
process. During the hydriding phase, high voltage, 3-phase, 
ac power from the utility power network is transformed and 
rectified by solid state rectifiers, to de power. The de 
power is supplied to water electrolyzers to produce hydrogen 
and oxygen. The oxygen is released to the atmosphere, while 
the hydrogen is cooled and passed through a deoxygenator to 
remove residual oxygen. The hydrogen is then passed through 
a dryer to remove residual water vapor and produce hydrogen 
gas with a dew point of -76°F (referred to atmospheric pres­
sure). The dry gas is fed to the circulating hydrogen loop 
to be cooled and absorbed in the hydride beds. 
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Figure 1-2 shows the pressure-temperature conditions, the 
operating flow rates, and other characteristics in the circula­
ting hydrogen loop at the initiation of hydriding. As the 
hydride cools, the bed exit temperature decreases._ Atthe same 
time, the temperature difference in the cooler decreases 
correspondingly, since the bed entrance temperature remains 
constant for all practical purposes. As a consequ·ence, to 
maintain a constant cooling duty (and hydriding rate), the 
hydrogen circulation rate must increase. Additional pumping 
capacity, which increases the rate by a factor of about 2, is· 
included. 

Figure 1-3 shows the pressure-temperature conditions in 
the circulating hydrogen loop at the termination of dehydriding. 
Similar to the hydriding process, during dehydriding the cir­
culation rate must be varied to maintain a uniform hydrogen 
liberation rate, since the hydride bed exit temperature in­
creases from 113°F to 160°F. Additional pumping capacity, 
with a turn-up rate of about 2, is therefore included. 

At the initiation of the dehydriding process, the shutoff 
valve in the line from the electrolyzers is closed and the 
valve in the line to the fuel cell packages is opened. The 
temperature and pressure of the hydrogen leaving the hydride 
beds must be adjusted, since the fuel cell packages require 
an inlet temperature of about 300°F and pressure not much 
higher than 1 atmosphere. consequently, the hydrogen is 
heated to 300°F, using rejected heat from the fuel cell pack­
ages, throttled to a pressure slightly higher than 1 atmosphere, 
and then piped to the fuel cells. In the fuel cells, hydrogen 
and air are electrochemically combined to produce 25,000 lbm 
H

2
0/hr and 27.6 MW(e) of de power. The de power is fed to a 

solid state inverter-transformer which converts it to 3-phase 
ac power at the voltage level required by the load or existing 
power network. The Reference Design "A" plant cycle is 10 
hours of hydriding and 10 hours of dehydriding during a 24-hour 
period. 

Figure 1-4 shows the estimated nominal plant performance. 
During the hydriding portion of the plant cycle, the gross 
electrical power input is 72.5 MW(e) 3-¢, ac. Auxiliaries such 
as the hydrogen circulators, cooling tower pumps, etc., require 
an estimated 0.7 MW(e) leaving 71.8 MW(e) 3-¢ ac to power the 
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solid state rectifiers. The rectifiers have an estimated 
conversion efficiency of about 97 percent, so 2.16 MW are re­
jected to the atmosphere as heat and about 70.0 MW(e) de ~re · 
distributed to the 24 electrolyzers. The electrolyzers convert 
the 70·. 0 MW (e) into 2800 lbm-H2(hr with a conversion efficiency 
of about 72 percent, based on Ehe higher heating value of 
hydrogen (611000 Btu/lbm). About 20.0 MW of heat are rejected 
directly and through the circulating cooling water system to 
the atmosphere. The 2800 lbm/H2/hr produced by 
the electrolyzers are charged into the hydride beds at a uni­
form rate with an assumed efficiency of 100 percent. The heat 
of hydriding is rejected to the atmosphere by means of the 
circulating hydrogen and cooling wa·ter systems. The chemical 
energy of the hydrogen is thus stored at the rate of 50.1 MW, 
based on the higher heating value of hydrogen, and the nominal 
hydriding effectiveness for the charging portion of the plant 
cycle, defined as the ratio of the rate of hydrogen chemical 
energy stored to the total plant power required and is 69 
percent. 

During the discharging cycle or dehydriding, hydrogen is 
liberated from the hydride beds at a uniform rate of 2800 
lbm-H

2
/hr. The heat of hydriding, 5.54 MW(t), is supplied, 

for normal operation by the heat rejected by the fuel cells, 
which are assumed to operate with a conversion efficiency of 
55 percent, based on the higher heating value of hydrogen. 
rn·addition, about 0.44 MW of heat from the fuel cell pack­
ages are also used to preheat the hydrogen before it enters 
the fuel cells to prevent quenching the electrochemical reac­
tions. From the 50.1 MW rate of hydrogen chemical energy 
input to the fuel cells (2800 lbm-H2/hr), therefore, 27.6 MW(e) 
de is extracted and 22.6 MW(t) is rejected. As noted, 5.54 MW 
and 0.44 MW of the rejected power are utilized, while the 
remainder is transferred directly to the atmosphere. The 27.6 
MW(e) de is distributed to the SCR inverters, which have an 
estimated conversion efficiency of 97 percent, and converted 
to 26.7 MW(e) ac with about 0.90 MW of heat rejected to the 
atmosphere. About 0.7 MW(e) of the 26.7 MW(e) is used to power 
auxiliaries during dehydriding leaving a net plant output of 
26.0 MW(e) 3-¢, ac. Thus, the nominal dehydriding effective­
ness for the power generation portion of the plant cycle, 
defined as the ratio of the net plant output to the rate of 
hydrogen chemical energy available, is 52 percent. For the 
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complete plant operating cycle, therefore, the efficiency, or 
ratio of net plant output to total plant input, is 36 percent. 

The site plan shown in Figure 1-5 includes many items not 
normally considered in the early stages of process development 
but necessary to establish a true distribution of costs and 
areas for the base.case. 

The plan indicates that about 16 acres of land are re­
quited. The electrolyzers are housed in a separate building 
to p~otect them from the wea.tlH::!.t:. Tl1~ fuel c:l'!:ll pa.clta.gco do 
not require a building, since each includes a weatherproof 
covering. The electrolyzer building and fuel cell packages 
are located close to one another so that shared electrical 
E'!rpli pmP.nt, such as swi tch-qear and power transformers, can be 
group~d. ThiA r~rr;=mgP.mFmt also minimizes the length of high 
current bus required from the low sides of the transformers 
to the rectifiers and inverters. The administration building 
houses the instrumentation and control equipment required to 
control and monitor the plant operations, and to perform 
periodic tests to verify hydrogen purity, wate~ quality and 
hydride condition. The makeup water treatment and boiler 
house is adjacent to the administration building. A 10,000 
gallon tank.is provided for fuel oil storage to serve the 
boilers, and a 40,000 gallon condensate tank is provided for 
storage of makeup water, water drained from the fuel cell pack­
ages, and condensate from the steam system, prior to recycling 
it to the electrolyzers and boilers. A 200,000 gallon waste 
treatment pond is provided nearby to hold chemical wastes and 
to permit treatment prior to disposal. A fire protection 
water tank and fire pumps are located near the 1-1lant boundary. 
Fire hydrants are provided throughout the plant to cover all 
~reas. A mechanical draft cooling tower is included to pro­
vide cooling water for the cooling requirements of the elec­
trolyzers, hydride beds, and other plant equipment. 

Further details of the arrangement are s~own in Figures 
1-6 and 1-7. Provisions are included for truck delivery of 
caustic potash (KOH) electrolyte to the site, and transfer 
to a 10,000 gallon storage tank located adjacent to the elec­
trolyzer building. A 200,000 gallon electrolyte drain and 
dump tank is provided adjacent to the electrolyzer building. 
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The tank is sized to hold the ~lectrolyte from the entire 
electrolyzer system when it is necessary to shut the plant 
down. A 100-ton bridge crane is provided in the electrolyzer 
building for maintenance and handling of the electrolyzers. 
Two truck bays and work areas are also provided, one at each 
end of the building. Each of the electrolyzers receives de 
electrical power from a separate rectifier. The 24 rectifiers 
are located in a temperature controlled rectifier room from 
which high current electrical bases run. 

In the hydrogen storage area, the 10 hydride beds are 
located outdoors on concrete foundations. Three concrete 
pedestals are provided for each tank. The hydrogen circula­
tors, deoxygenator and dryer are located in a small building 
adjacent to the tanks to protect them from the weather and 
preclude potential freezing problems. 

The fuel cell packages are mounted on a concrete founda­
tion in the fuel cell area. A three-foot separation is pro­
vided on both sides of.each package for clearance. All pipe 
and electrical connections are made to one face of each fuel 
cell package, so that clear access is available at the opposite 
one for installation or removal. A service apron is provided 
for trucks and a mobile crane which could be brought on site 
for service operations. The electrical output from each 
group of six fuel cell packages is fed, via a high current 
bus, to a corresponding group of six inverters located near 
the fuel cell packages. The ac output from the inverters is 
then fed to four switch-gear packages and the four plant power 
transformers. 

The compartmentalization of the arrangement allows other 
technologies to be substituted as desired. Minimization of . 
land area to better fit urban economics is premature at this 
stage of process development. 

The distribution of costs for the Reference Design "A" 
by Federal Power Commission (FPC) accounts is shown in Table 
1-1. By far the largest of these accounts is that for pro­
cessing and storage equipment, representing 7~/o of the total~ 
The distribution of costs within this account is summarized 
in Table 1-2. The largest cost segment, 43.3 percent, is 
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attributed to the electrolyzers. Although the electrolyzers 
envisioned for this design study represent a developed tech­
nology, reductions in capital cost of up to 5~/o could result 
from current research and development activities.· Fuel cell 
costA, 14.3 percent, and iron titanium costs, 15.3 percent, 
while significant would yield proportionctlly les:::J to capitr~l 
cost reductions. On the other hand, an increuse in fuel cell 
efficiency would reduce the entire plant size upstream of the 
cells resulting in even greater cost reduction. 

Task Group 1.3 Liaison with Utilities and Major Component Vendors 

Scop~: This task group includes the tasks required to en­
sure that the end product of Lhe program is re.Rponsive to the 
needs of the electric utility lw.lu.!tl."Y. The srtr~t-nR .of e~isting 
technology and development work for major system componen·ts 
such as fuel cells, turbines, hydrogen compressors, etc. will 
be obtained. This information will provide a basis for the 
more detailed investigation of these items covered in program 
Areas 2 and 4. 

Progress During the Report Period: Subcontract work has 
been initiated by the General Electric Company (GE) on the de­
sign of an advanced water electrolysis production plant for the 
?n MW(Q) ~nArgy storage reference design plant. The exact 
scope of·work to be undertaken by l:it.: Wct::s giv~n iu 1\f'pQndj" F' 

of the Third uuartE:Hly Progress Report-., .Tuly 1 to September 30, 
1974, BNL 19520. 

Contact was made with a number of prospective European 
suppliers of water electrolysis plant and a number of plant 
sites were visited. A summary of F. J. Salzano's European 
trip report related to this activity is included in Appendix E 
of the Fifth Quarterly Progress Report, January 1 to March 31, 
1975, BNL 20420. 

A subcontract was also initiated with the International 
Nickel Corporation (INCO). The exact scope of this subcontract 
activity is given in Appendix F of BNL 20420 (see paragraph 
above). 
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Task Group 1.4 Modeling of System Storage and Optimization 
Studies 

scope: This activity involves dynamic system modeling via 
computer studies. Particular'emphasis will be on the dynamics 
of the storage system in response to changing load conditions 
in conversion devices and hydrogen production plants. An 
effort will be made to do cost optimization of the systems in 
terms of load conditions, cost of off-peak power, and process 
variables. This activity interfaces with the engineering de­
sign work in connection with the Prototype Test Facility (PTF) 
and the Demonstration Facility (DF). 

~regress During the Report Period: Modeling Studies of 
Fixed-Bed Metal Hydride Storage Systems: Analytical models for 
the study of the dynamic behavior of two proposed fixed-bed 
hydrogen storage systems were developed~ a convection bed 
model and a conduction bed model. The direct heat transfer 
s'cheme, termed a convection bed, utilizes a recirculating 
stream of hydrogen to transport heat to and from the bed by 
direct contact with the hydride. A heat exchanger, external 
to the bed, serves as the heat source or sink. The indirect 
heat transfer scheme, termed \J. conduction bed, incorporates 
heat transfer surface in the bed and heat is transferred from 
a hot fluid to and through the hydride by conduction. 

The .main output from the modeling work is the temperature 
and composition profiles in the bed and the hydrogen charging 
and discharging rates of the system. The modeling work also 
produced design guidelines for a test facility, and provides 
data for comparisons between analytical and experimental results. 

Routine.work is continuing which services the needs of 
Areas 1.2 and 3.lthe engineering design work and the test bed 
program, respectively. 
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Task Group 1.5 Systems Analysis of Energy Storage and Integration 
of Hydrogen into u.s. Energy Economy 

Scope: This task group covers systems analysis and econom­
ic studies of energy storage in ge'neral and the role of hydro- · 
gen in the U.S. energy economy, individual areas of the country, 
and specific utility systems. This includes. specific considera­
tion of the role of hydrogen to supply the peak electric demands 
and the competition with other storage options. Activities in 
this area will eventually consider the use of hydrogen as a 
domestic fuel, i.e., a replacement for natural gas, a transpor­
tation fuel and interfacing hydrogen supply systems with both 
novel and conventional energy sources such a~ rl~~ion, fu~ion; 
coal, solar, wind, tidal, and geothermal. 

PJ;"ogress n11rinc;r the gepOf~t Period: The Break-even Capit.al 
Costs of Electric Storage Devices: The economics of intro­
ducing electric storage devices into the year 1985 national 
energy system are considered in this section. The generalized 
electric storage device is characterized only by its overall 
electric-to-electric conversion efficiency, by the load factor, 
and by the device lifetime, which is reflected in the value of · 
·the capital recovery factor utilized in the ·cost computations. 
The current series of calculations assumes a 0.15 fixed charge 
rate and an implicit 30-year lifetime. 

The break-even capital cost is calculated as a function 
of the overall electric-to-electric conversion efficiency, for 
storage devices operating at three peaking loa6 factun;: 0. 05, 
0.10, apd 0.20. In order to calculate the matrix of capital 

.costs, it is necessary to specify the structure of the electric 
peak. demanu •. 

The introduction of the electric storage devices into the 
national energy system is affected by the relative attractive­
ness of other electric generating plants available to the 
system, e.g., gas turbines and hydroelectric plants. In order 
to investigate the effects of varying the cost of the competing 
generating plants on the economics of the electric storage 
devices, the price of the distillate fuel oil available to the 
entire national energy system was varied. Three different 
distillate fuel oil prices were considered: the nominal price 
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6 6 6 
of $1.3/10 Btu and $2.6/10 Btu and $3.9/10 Btu, which·are 
double and triple the nominal value. 

Each storage scenario investigated results in a three­
dimensional set of break-even costs.calculated as a function 
of conversion efficiency, peaking load factor and distillate 
fuel oil price. The calculated capital costs include an equi­
valent capitalized operating and maintenance (0 and M) cost 
component. The reported values must be corrected for the 
specific 0 and M cost of any storage technology under considera­
tion. The results of the computations for the nominal storage 
scenario are presented in Table 1-3 and in Figures 1-8 and 1-12. 
A discussion of the Affects of the three bd~ic parameters on 
the economics of the electric storage devices now follows: 

It can be seen from Table 1-3 and Figures 1-8, 1-9 and 
1-10, that operation at the 0. 20 load factor is the mos·t eco­
nomic mode of storage device utilization within the national 
energy system. This is inferred from the fact that the highest 
break-even capital costs are calculated for operation at this 
load factor. The lowest capital costs are calculated for 
power generation at the 0.05 load factor, and the allowed 
capital costs for operation at the 0.10 load factor fall in 
between. 'l'hus, in terms of economic order of merit it is most 
advantageous to operate electric storage devices at the 0.20, 
0.10, and 0.05 peaking load factors respectively. This 
assertion holds at oil prices of $2.6/106 Btu and $3.9/106 Btu, 
for storage conversion efficiencies greater than 0.25 to 0.30. 
At a distillate fuel oil price of $1.3/106 Btu the capital 
cost for operation at 0.20 load factor will be higher than the 
figures calculated for the 0.10 load factor vs. capital cost 
trend and is towards high break-even costs as the load factor in­
creases. 

As a general rule the break-even capital cost for the 
electric storage device will increase as the overall electric­
to-electric conversion efficiency is improved. This statement 
is valid at all distillate fuel oil prices and all load fac­
tors. The effects of improving the conversion efficiency are 
more pronounced at high oil prices and at the 0.20 load fac­
tor. The most dramatic effect of conversion efficiency improve­
ment on the storage device capital cost occurs in the region 
of low efficiencies--0.15 to 0.45. More moderate increases 
in capital cost per unit improvement in conversion efficiency 
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occur in the region of 0.45 - 0.75. At conversion efficiencies 
above 0.75 it can be seen that the break-even capital cost for 
operation at the 0.05 load factor, and also for 0.10 load 
factor operation, reach a saturation value. The increment 
in capital cost per unit improvement in conversion efficiency 
becomes very small. This pattern can be explained by the fact 
that at the 0.05 and 0.10 load factors the storage device com­
petes primarily against gas turbines which incur high elec­
tricity production costs. Storage devices become competi t:'ve 
with direct qenerating plants even at efficiencies of 0.55. 
There is no economic llH..:t!uL.i.ve ·to rai.!!le the convcroion effi­
ciency above 0.75, so far as the power production cost of the 
competing alternatives remain high. 

No saturation effect is evident .J..U Lht! break-even capital 
cost curve for operation at the 0.20 peaking ludu fd~LoL. 
Further, there exists an economic incentive, in terms of in­
creased break-even costs, for improving the conversion effi­
ciency even up to values as high as 0.95 - 1.0. This can be 
attributed to the fact that at the 0.20 load factor the gen­
eralized storage device will have to compete against relatively 
cheap peaking hydro and pumped storage plants. Thus, in order 
to maintain competitiveness when operating at the 0.20 peaking 
load factor the storage device efficiency should be increased 
as much as economically possible. 

The effect of increasing the distillate tuel oil price 
on the break-even capital cost of electric storage plants is 
shown in Figures 1-11 and 1-12. Generally, as distillate oil 
prices are increased, the break-even capital cost increases. 
The most pronounced effects of fuel oil increase occurs at the 
highest peaking load factor. This can be deduced from the 
slopes of the different curves in Figures 1-11 and 1-12, which 
can be represented as sensitivity values. These values reflect 
the increment in break-even capital cost per unit change in 
distillate fuel oil price. As straight line break-even capital 
cost curves are obtained, the sensitivity values can be re­
garded as valid for interpola~ion purposes with the distillate 
fuel oil price range of $1/10 Btu to $4/106 Btu. This range 
{hopefully) encompasses all expected future variations of 
distillate fuel oil prices. The sensitivity

6
figures calcula-

ted here are $35/kW{e) per change of $1.0/10 Btu for 0.05 
6 peaking load factor operation, $65/kW{e) per change of $1.0/10 Btu, 

for 0.10 peaking load factor operation and $145/kW{e) per change 
of $1.0/106 Btu at the 0.20 load factor. 
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The black-box storage device was considered as either a 
peaking power plant or as a dispersed storage device, supply­
ing both intermediate plus peak loads and designated I + p 
for short. In the I + P generation mode the storage device 
operates at an intermediate load factor of 0.5 and three peak 
load factors of 0.05, 0.10, and 0.20. Thus, a composite load 
factor can be calculated, and is a function of the distribu­
tion of the demand between the various peaking loads. 

If we define f. where i = 1, 2, 3 as the fraction of the 
peak demand, genera€ed at load factors of 0.05, 0.10, and 0.20 
respectively, the composite load factor (CLF) can then be r.al­
culated. Under the nominal peak load structure reported above, 
i.e., f 1 = 0.125, f 2 = 0.375, f 3 = 0.500, the CLE is found to 
be 0.383. 

The break-even capital costs for storage devices operating 
at I + P loads are shown in Figure l-13as a function of the 
storage conversion efficiency, for the three distillate fuel 
oil prices considered. The capital costs calculated in this 
case can be compared with the break-even capital costs for 
storage devices, which apply only for peak loads. The basic 
feature of this comparison is that operating the storage 
devices to·supply I+ P loads is less economical than storage 
operation at peaking loads only. The break-even capital costs 
for I + P operation are lower than the capital costs for 
peaking devices operating at the 0.20 load factor. Operation 
at a composite load factor of 0.383 results in a. lower allowed 
capital cost than operation at peaking load factors 'of 0.10 and 
0.05, depending on the conversion efficiency and distillate 
fuel oil price. The~basic results can be reiterated as follows: 

1. Operation to supply I + P loads requires the con­
struction of large storage plants operated on a 
weekly cycle. Operation to supply only the peak 
demand requires smaller sized plants having lower 
capital costs, which would be designed to operate 
on a daily cycle. Thus, it is more expensive to 
utilize storage devices for I + P mode of opera­
tion than for peaking applications only. 

2. Storage devices operating at intermediate loads 
co~pete with a mix of relatively cheap direct 
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gen~ration power plants which include a significant 
nuclear component, e.g., HTGR's. When storage de­
vices supply peak demands they compete with gas 
turbines peaking hydro and pumped storage plants 
which have relatively higher power production costs. 
In order to maintain competitiveness, the break­
even capital costs for I + P operation have to be 
lower than the allowed capital costs for peak gen­
eration only. 

3. Electric sturdy~ devicco incur el~~~ri~-tu-~1~~Lric 
conversion losses, which effectively raise the cost 
of power produced by these plants. Thus, the cost 
of power produced by a pumped storage plant operated 
at u 0.75 conversion efficiency ic at least 31 per­
cent higher than t:he cu::;L o£ off··pc.:t]{ powQr suppli~d 
to the plant. The available off-peak power is pro­
duced primarily by intermediate load plants. When 
corrected for conversion losses the cost of power 
produced by an I + P type storage device, will 
always be larger than the cost of directly generated 
intermediate load power. Therefore, in order to 
compete against direct generation, intermediate load 
plants, the break-even c·api tal cost of the storage 
device ha~ ·Lo be lower than the t:'.=tpi t:al cost of the 
corresponding direct generation plant. This limi­
tation does not apply when consi<leL.iug the applica­
tion Of StUL'dge deViCCG to lill.l.pply pAnking J,..oads 
only. The effective cost of power supplied by 
intermediate load plants, when corrected for con­
'i.TPr::;ion losses, can still be less expensive than 
the fuel cost of the competing gas turbines. ~~us, 

relatively higher break-even capital costs are 
allowed for storage plants which supply peak demands. 

The relative economic disadvantage of introducing storage 
devices to supply I + P loads, compared with peaking operation 
only results in a larger sensitivity of the break-even capital 
cost to variations in overall conversion efficiency. Where 
peaking storage plants are not at all attractive below con­
version efficiencies of 0.15 - 0.20, I + P storage plants are 
only competitive above conversion efficiencies of 0.45 - 0.50. 
The conversion efficiency related component of the break-even 
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capital cqst .is .the dominant cost component over the entire 
range of fe~sible ·efficiencies. There exists an increasing 
economic incentive for improving the conversion efficiency 
of the :i: + p. sto.rage plants, all the way to the maximum value 
of 1. 0. No 'cap.i tai cost satu_ration effects, as found for 
operation at the 0.05 and. 0.10 peaking load factors, are 
evident in the I + P storage plant cost computa,tions. ·, 

As can be seen from the above discussion, it is quite 
conceivable that storage devices operating at relatively high 
conversion efficiency, and at a low load factor, will have the 
same break-even capital costs as storaqe plant.F; op9rating at 
low effic:.i.encies, but at higher peaking load factors. It is 
possible to identify bands of performance characteristics that 
will yield similar capital costs. The break-even capital costs 
calculated in this report can be utilized to specify the type 
of electric storage devices that will just fit -the specific 
requirements of electric utilities. Thus, assuming a permis­
sible capital ·cost figure is obtained from an electric utility 
production costing program, and the load factor at which the 
storage device is expected to operate can be specified, it 
is then possible to calculate the required conversion effi­
ciency. Conversely, given the efficiency and capital-cost of 
an ex.:;. sting storage device,_ it_ is possible to calculate the 
optimal load factor to operate that device. It is possible 
to assume that an electric utilities production program will 
assign one possible val'!le or a narrow band of values for the 
allowed capital cost of electric storage plants. In such a 
case, a mix of electric storage plants can be implemented 
within the utility network to generate power at the various 
load factors. Smaller, but highly efficient storage plants 
can be utilized to generate power at the lowest peaking load 
factors such as 0.05. The larger and less efficient storage 
units will be assigned for operation at the largest peaking 
load factors encountered by the utility, such as 0.20. In 
both cases, the storage device capital cost can be very simi­
lar. 

Several general conclusions can be drawn from the results 
of the electric storage devices break-even capital cost study 
discussed here: 
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1. Electric storage devices are best utilized as 
peaking devices operating at all the possible 
peaking load factors. Operation at both inter­
mediate plus peaking load factors is not as 
economical as peaking generation only. 

2. When operating as peaking plants, electric 
storage devices will be most economical when 
assigned to deliver energy at the highest 
peaking load f;;~.ctnr pm~si.ble. Thus. ctependinq 
on the ais;t~llat'€' fnAl oi1 pric~~ LlH;! }J.I;8c:tk­
even capital costs at 0.05 load factor vary 
between $250/kW(e) and $350/kW(e). When opera­
ting at 0.10 peaking load factor, the spread 
in breu.k~cvcn costs is between $300/kW(P.) a.nd 
$JJ0/kW(e). The corrocponding figures for. 
operation at the 0.20 (largest) peaking load 
factor vary between $310/kW(e) and $750/kW(e). 

3. Increasing the cost of distillate fuel oil 
supplied to the national energy system and 
burned by gas turbines within the electric 
sector, tends to increase the break-even capi­
tal costs of the electric storage devices. 
The increase in capital costs is more pronounced 
as the electric storage devices are assigned to 
higher load factor peaking operation. 

4. Improving the electric-to-electric overall 
conversion efficiency of the storage plants will 
greatly increase the allowed storage capital 
costs in the efficiency range of 0.25 to 0.55. A 
more moderate effect on increasing capital costs 
can be attributed to improving the conversion 
efficiency in the range of 0.55 to 0.80. Above 
an efficiency value of 0.80 there is little 
economic incentive measured in increasing capital 
costs per unit efficiency improvements. 

5. When meeting peaking demands at different load 
factors, a mix of storage devices with different 
performance characteristics may be desirable. 
Highly efficient storage devices can be assigned 
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to meet the demand at the lowest load factor (0.05). 
Larger and less efficient storage plants (efficiency 
range of 0.55 - 0.65) can still be economic when 
.'a-ssigned tO: peaking load generation at the rela­
tively higher load factors of 0.10 and 0.20. The 
exact nature of an optimal storage plant mi>e ·ca.n-< . 
only be determined in a detailed storage imple­
mentation study, taking into account full range of 
characteristics available from the various storage 
devices that may be produced from current research 
and development efforts. 

- 17 -



PROGRESS IN AREA 2: .HYDROGEN PRODUCTION AND AUXILIARIES 

Task Group 2.1 Test Devices 

Scope: Examine the chemistry, physics, and materials 
problems associated with advanced electrolytic concepts in­
cluding low temperature (<100°C) aqueous, high-temperature 
fused salt, and solid electrolyte systems. This activity 
involves a review of the past development efforts of other 
investigators in light of recent developments and improve­
ments in materials. The emphasis will be on the development 
of high performance systems, the ultimate goal being electric­
to-hydrogen conver.sluu ~rricien.cie.! exceeding 901G (voltage 
efficiency) and installed capital costs below $50/kW thermal 
hydrogen output. 

An effort will be made to continuously review progress 
in the development of other production methods, e.g., thermo-­
chemical and biological. 

Progress During the Report Period: Evaluation of 
General Electric Solid Polymer Electrolyte Water Electrolysis 
Cell Including Temperature Effects: The following experiments 
were carried out in order to obtain. a more deta.ileu eva.lua:tion 
of this water electrolysis concept: 

(i) Indliilpend~n,t- r.P.ll potential--C\l,rrent density measure­
ment to check the reproducibility of the cell at 25°C. 

(ii) Effect of electrolysis at a current density of 
120 ASF (~120 rna cm- 2 ) for varying times on the 
performance charactersitics of the cell at 25°c. 

(iii) Effect of temperature (from 25° to 82°C) on the 
cell potential--current density relations. 

(iv) Cell potential--current density relations on 
individual cells in 3 cell stack at 25°C. 

From these studies, it was concluded that (i) the results 
of three independent experiments showed good reproducibility 
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in cell potential--current density relations; (ii) continuous 
1 . -2 operation of the eel at a current dens~ty of 120 rna ern for 

16 hours·or 46 hours did not alter the performance charac­
teristics of the cell; (iii) increase of temperature produces 
a significant improvement ·in cell performance. At a tempera­
ture of about 80°C and a current density of 200 rna crn- 2 , the · 
GE cell has a voltage efficiency of about 95%;and (iv) the 
3 cells in the stack behaved very similarly. 

To further improve the performance of the GE cell, it is 
necessary to use thinner electrolyte layers (e.g., 6 mils 
instead of 12 mils) and to reduce the overpotential at the 
oxygen electrode by the use of alternate ca·t:alysts. Though 
noble metal catalysts are used in this cell, there is a high 
degree of utilization of catalyst particles in the cell. 
Accor.ding to the configuration of the 'cell, it may be possible 
to reduce catalyst loadings to such levels that the catalyst 
cost or availability will not be the limiting factors in the 
development of the cell. 

Further details of the above studies on the General · Elec-. 
tric cell ar~ found in a Quarterly Report(!) and in a recent 
publication. l 2 ) 

Effect of Temperature on the Performance of Teledyne 
Alkaline water Electrolysis Cell: The Teledyne cell was 
tested with 3~/o KOH as the electrolyte at three temperatures 
(25°, 65°, and 82°C) under conditions of higher electrolyte 
pumping rates and over a considerably longer range in current 
density (20 to 1100 ASF) than done previously. Activation 
overpotentials at both the hydrogen and O~{gen electrodes 
contribute significantly to the efficiency losses in this celi 
at current densities below 400 rna crn- 2 • Ohmic overpotential 
effects are predominant above this current density. At a 
current density of 600 rna crn-2, the cell potential and voltage 
efficiency are 2.2 volts and 6~/o respectively (cell tempera-
ture 82°C) • · 

The present results at a temperature of 82° and in the 
current density range from 100 to 500 ASF are in agreement 
with those obtained previously. Attempts made to.determine 
the ohmic drop in the cell by the current interrupter method 
were unsuccessful, probably due to the large capacitance 
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component. Upon careful removal of one of the cells in the 5 
cell module, it was found that its construction was non­
uniform--the anode side had 2-20 mesh nickel screens while 
the cathode side used a nickel screen for the electrode and 
expanded metal for the electrolyte gas flow. 

The result~ of temperature effect on the 
of the Teledyne cell(~fe found in a Quarterly 
a recent publication. 

performance 
Report(l) and 

'\. 

Effect of Tarnpernt".llr.e fuL £lydrogcu d.U'l onrqr.n EYOhl'!='l "!.!. 
Reactions on Nickel Electrodes in KOH Solutions: It is 
essential to attain nearly a 10~/o voltage efficiency (effi­
ciency based on ~H value) in water electrolysis cells for 
hydrogen p:r:uuuction by this mP.t:hod to be economically competi­
tive with conve.uL.ion.al rncthoa~ of hydrogen product.:Lon from 
fossil fuels (e.g., from coal or natural gas). Most commer­
cial water electrolyzers operate at 70°to 90°C in alkaline 
solution with nickel or stainless steel electrodes at voltage 
efficiencies of 65 to 75%. Activation overpotentials at the 
hydrogen and oxygen electrodes are the major contributions 
to the efficiency losses in water electrolysis cells. 

The purpose of the present study was to ascertain the 
advantages of higher operating temperatures for water elec­
trolysis in 5~/o potassium hydroxide solution using nickel 
electrodes. Tafel slopes, tr~1~fer cocfficientR and e~change 
current densities were determined for both the h6d~ogen and 
oxygen evolution reactions at temperatures of 80 , 150°, 208° 
and 264°c.< 3 ) The experiments were conducted in a stainless 
steel pressure vessel. A dynamic hydrogen electrode, as des­
cribed by Giner, (4 ) was used as the reference electrode. In­
vestigations of the hydrogen and oxygen evolution reactions 
were made by simultaneously recording the current potential 
relations at the cathode and anode respectively in stirred KOH 
solution contained in a three-cornpart~ent Teflon cell. Smooth 
nickel disks of geometric area 0.2 ern were used as the elec­
trodes. The electrochemical measurements were made using a 
PAR model 173 potentiostat with a PAR Model 175 programmer. 
Current potential relations were determined by using a slow 
potential sweep (sweep rate 1 rnv/sec) and by steady state 
potentiostatic measurements. The measurements were always 
made iri the direction of high to low currents and returning to 
high currents. 
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Figure 2-1 shows the average results from four independent 
experiments for the hydrogen and oxygen evolution reactions at 
temperatures of 80°, 150°, 208°, and 264°c. Distinct linear 
Tafel regions were observed at each temperature for both the 
hydrogen and oxygen evolution reactions. As seen in Figure 
2-1, each study of the oxygen evolution reaction at 208°c 
indicated the existence of dual Tafel regions. The electrode 
kinetic parameters (Tafel slope b, transfer coefficient a and 
exchange current density i ) for the hydrogen and oxygen evolu­
tion reactions, as a funct~on of temperature, are presented 
in Table 2-1. The exchange current density (i_) for t.h.e 
hydrogen evolution re~~tiun (HER) increases frgm 1.1 x 10-4 

at 80° to 10-3 amp em at 264° while i for the o36gen evolu­
tion reaction (OER) increases from 4.2 ~ 10-6 at 80 to lo-3 

amp cm- 2 at 264° c. The transfer coefficient for the hydrogen 
evolution reaction was approximately 0.5 in this temperature 
range while f9r the oxygen evolution reaction changed from 
0.7 to 3.3. Due to the marked enhancement of reaction kinetics 
for the oxygen evolution reaction at higher temperature, which 
was also associated with a marked decrease of Tafel slope, 
voltage efficiencies approaching 10~/o for water electrolysis 
can be attained at -~ou.t 150°c in the cu.r:rent density range 
from 200-400 rna em (one must take into consideration that 
smooth wire electrodes with a low roughness factor were used 
in the present investigations). Asbestos, which is used as 
the separator material in most of the commercial water elec­
trolyzers, disintegrates in a KOH environment at temperatures 
above 100°C. It will therefore be necessary to replace asbes­
tos with a more stable separator material for attaining nearly 
a 10~/o voltage efficiency in water electrolysis cells with 
nickel electrodes operating at a temperature of 150°c. 

A Dynamic HYdrogen Electrode for Hydrogen and O~gen 
Overpotential Measurements at Temperatures above 100~: Com­
mercial reference electrodes su.ch as calomel, mercury-mercuric 
oxide, silver-silver chloride, etc. have temperature limita­
tions. At present, the commercially available electrodes can 
withstand temperature only as high as 130°c.(4) Since these 
electrodes are not suitable for the study of the electrocata­
lytic activities of Ni for the hydrogen and oxygen evolution 
reactions at intermediate temperature (80~264°C) a dynamic 
hydrogen electrode (DHE) originated by J. Giner(~) was selected 
as the reference electrode. The potential of DHE should be 
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reasonably stable so that any inaccuracy in the overpotential 
measurement must not be attributable to this reference elec­
'trode. In this study, the .stability of the potential DHE was 
first investigated in concentrated alkaline solution at room 
temperature. In order that the exchange·current densities of 
the hydrogen and oxygen electrode reactions can be accurately 
determined, the overpotential of DHE, i.e., the potential 
difference between DHE and RHE (the reversible hydrogen elec­
trode) in the same solution, was also ascertained in the 
temperr~t-.u:r.e ranqe of 25° - 264°c. 

., 
In the experimental procedure a platiHW(t £oil o£ .• 1 em'· 

surface area was connected, by spot welding, to a platinum 
wire of 30 mils in diameter, which was sealed in a shrinkable 
Teflon. tubinl)'- Theri. this platinum electrode was treated, 
cleaned and f.i:r1r~lly pJ.atinized in chloroplat.inic ~t.:.i.d eolution 
by following the procedures described in the monogra.f:Jh t::dited 
by Ives and Janz.(G) A schematic arrangement of the three 
compartment cell used in this work is shown in Figure 2-2. 

When the measurements were made in the glass beaker-type 
cell, it was found that the potential difference between DHE 
and RHE was quite unstable. After 1 hour of equilibration, 
the rate of change of the potential of RHE/DHE is larger than 
0.25 mv/min. (?) The instability of the RHE/DHE potential 
encountered in this case was attributed to (1) the long time 
required to saturate .the large amount of measuring solution 
(250 ml) with H ; (2) the contamination. of electrode surface 
caused by the attack of glass cell by tll~ t.:Oncentra.tod (50 
wt.%) KOH solution; and (3) the diffusion of 0

2 
from the 

auxiliary electrode, ~hich, wo~ks as the oxygen evolving elec­
trode, to the DHE (this causes the potential of RHE/DHE to 
become higher). 

The use of the Teflon cell with a small compartment (less 
·than 10 mi) to contain but:.l1 DI-m u.nd RHE, can P.ssentially 
eliminate the disadvantages mentioned above. However, when 
the me~surements were carried out in the three-compartment 
Teflon cell, the shift rate of RHE/DHE potential was found 
to be. as large as 0.10 mv/min. after one hour of equilibra­
tion~(?) This phenomenon could be attributable to the un·­
stable potential of the RHE and/or the DHE. Thus, using a 
saturated calomel electrode (SCE) as the reference, the time 
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dependence of the RHE and of the DHE in 50 wt.% KOH solutions 
at 25°c was measured independently. As shown in Figure 2-3 
the shift rates of the potentials of RHE and of DHE are quite 
large (0.64 and 0.37 mv/min. respectively) after 10 minutes 
of equilibration. After 30 minutes, the potential of DHE 
is practically stabilized (changes of less than 1 mv in 
100 min.), however, the rate of change of the RHE potential 
is still as large as 0.1 mv/min. 

In the study of the DHE/RHE potential in 50 wt.$ KOH 
solution as a function of temperature, two independent runs 
startinq from room temperature (23°c) were performed •. After 
bubbling H

2 
overnight at room temperature, the potential 

difference between the DHE and RHE was always found to be · 
about 60. mv. As shown in Figure 2- 4 the reproducibility of 
the DHE/RHE potential vs. temperature plots is reasonably 
good. As the temperature of the electrolyte was increased, 
the potential difference of DHE/RHE was slightly reduced until 
a value of -35 mv was attained at 264°c. 

In this study, it is concluded that (1) after 30 minutes 
of equilibration at 1 mA/cm2 , the potential of DHE is prac-­
tically steady enough to be used as a reference electrode; 
(2) the unstable potential of RHE could be attributable to 
the intrinsic impurities from the KOH solution which contami~ 
nate the electrode surface and thus reduce its activity; and 
(3) similar to the observations by Giner, the overpotential 
of the DHE in KOH solutions reduces only slightly with in­
creasing temperature. A convenient reference electrode is 
now available for practical measurements on various anode or 
cathode assemblies for use in water electrolysis systems. 

Selection and Evaluation of Separator Materials for 
Water Electrolysis Cells: Higher operating temperatures are 
necessary to approach 10~/o efficiency in water electrolysis 
cells. To develop an alkaline water electrolysis cel·l opera­
ting at about 150°c, it is essential to find a replacement 
for asbestos, which is the separator material in current use. 

An evaluation of Teflon and several other materials for 
fabrication of cell electrolysis barriers was carried out, 
and some of the more promising materials are Betalux 201 R, 
Kynar, polypropylene, and polysulfone. Kel-F was found to be 
a very satisfactory material, but is expensive. 
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During the year, several materals were selected and tested 
as barrier materials in water electrolysis cells. The electrode 
assemblies were changed from those which required several days 
to machine usi~g.solid nickel to the present configur~tion made 
from two pieces of 20 mesh nickel screen and then pressed on a 
die to give the proper shape. With this type of assembly~ it 
is possible t~ test six~materials with the cells connected in 
series thereby assuming a constant current density on all 
materials under test. It was also found necessary to use the 
same electrodes as anodes and cathodes each time due to the 
change in the composition of the nickel anode during the test 
run. Of the materials tested to date, the most promising are 
potassium titanate and perrnion 1010. As far as electrical 
resistance is concerned, some of the non-woven polypropylenes 
look promising, although they are H:!::da'.i.t.: Lt!d l:.o a maximum 
usable temperature of 1.35°c. Gas permealdll·ty 1ld::> uuL l.Jeeu 
determined. Many more materials which have been received, will 
be tested during the next year. All materials are currently 
tested at 25°, 40~60° and 85-l00°c. The most promising ones 
will then be tested at 135° to 150°c. Preliminary results 
were presented in a recent publication.< 2 > 

Automation of Oxygen Overpotential Measurements: In the 
electrochemical studies, conventional steady state potentia­
static or galvanostatic measurements to obtain Tafel plots are 
accurate but time consuming. For example, in a potential 
range of 1 volt in which the electrochemical activities of an 
electrode are investigated using the steady sta~e potentia­
static method, it takes at least 4 hours to obtain a Tafel 
plot, including measurements, calculation and plotting. In 
orger that the electrocatalytic pro~erties of electrode materi­
als for water electrolysis can be determined accurately, effi­
ciently, and above all rapidly, an alternative technique for 
evaluating electrocatalysts was developed and tested. 

By connecting a log converter to the potentiostat and 
varying the potential of the test electrode linearly with 
time, using a signal generator, the Tafel plots can be recorded 
directly on an X-Y recorder. Comparing with the steady state 
potentiostatic measurements, this transient technique (using 
sweep rate of 0.1, 1,. 5 and 10 mv/sec} was empl·.)yed to determine 
the Tafel parameters for the oxygen evolution reaction on 
nickel and Ni

3 
Ti (an interrnetallic compound} in 3~/o KOH 

solution at sooc. 
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A potentiostat (PAR Model 173} coupled with a log converter 
(PAR Model 376} was used to make the electrochemical measure­
ments. In the transient technique, a programmer (PAR Model 
175} was also connected to the potentiostat. The "log I out­
put" signals from the log converter were connected to the X-Y 
recorder so that the Tafel plots were recorded directly on the 
semi-logarithmic papers. On the other hand, the "I output" of 
the log converter was connected to the strip chart recorder 
to check simultaneously the current appearing on the X-Y 
recorder. 

For the oxygen evolution reactions on Ni
3 

Ti electrode 
in 3~/o KOH solutions at 80°C, two independent steady state 
potentiostatic and one transient measurements at the sweep 
rate of 0.1 mv/sec were carried out using different solutions 
and electrode settings in the potential range of 0.15 - 0.6 
volt vs. SCE. For the nickel electrode, all the electro­
chemical measurements using steady state potentionstatic 
method and transient technique at various sweep rates {0.1, 
1, 5, and 10 mv/sec} were made under the same experimental 
conditions in the potential range of 0.15 - 0.95 volt vs. SCP.. 
In both steady state and transient measurements, the Tafel 
plots were always determined in the direction of high currents 
to low currents and then reversed. 

The original Tafel plot using transient technique at a 
sweep rate of O.l mv/sec in both cathodically and anodically 
scanning directions for the oxygen evolution reaction on Ni

3 
Ti is shown in Figure 2-5. The Tafel plots from two independent 
steady state potentiostatic measurements which are also plotted 
in the same figure give equal Tafel slopes of 0.087 volts and 
very close exchange current densities (4.8 x 10-6 and 
6.0 x 10-6 A/cm2 , respectively). On the other hand, transient 
measurements provide a lower Tafel slope J0.078 volts} and 
lower exchange current density (3.0 x 10- A/cm2 ).- This is 
probably attributed to the fact that a relatively thinner 
oxide film is formed on electrode surface by using transient 
techniques. Because of different experimental conditions of 
these three independent measurements, the Tafel plots show a 
maximum shift of about 30 mv in the linear region as seen from 
Figure 2-5. 

For the oxygen evolution reactions on nickel electrode in 
3~/o KOH solution at 80°C, the electrochemical measurements 
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were carried out using both steady state potentiostatic and 
transient techniques based .on the same experimental conditions~· 
By taking .the average value of the cathodic and anodic scannings, 
the Tafel plots :at various sweep rates·are presented in Figure 
2-6. Using the same solution and electrode setting, the data 
from steady st~te measurements· are a·lso ·shown in this :rigure 
(open circles) • · 

The Tafel slopes, the transfer coefficients, the exchange 
current densities and the experimental order for the various 
mc~curomonts at different ~WQQP ratQS are shown ~n F~gure ~--b. 

A freshly prepared nickel electrode is first.studied using 
trapsient tech-nique at a sweep rate of 1 mv/sec. When the 
second measurement is performed. at a sweep rate of 0.1 mv/sec, 
l:h~ Tctfel. plot goe!; down about 20 mv in

2
the linear region. At 

the CUL'L't:ml: ueu:::;.iLy le::;::. Ll1ct.u 100 lYIA./(;m , U"n:i~e Lwo Ta.fE:l plot:.s 
are almost parallel to each other. As seen from Figure 2-6, 
when more experiments are carried out on-the same Ni electrode 
at sweep rate 5 mv/sec, ·then 10 mv/sec, and finally by steady 
state method, the .Tafel lines· are parallel. From these obser~ 
vations, it is .9oncluded that the posi.tion of Tafel plot is 
correlated with the history of the test electrode. Since the 
exchange current densities are strongly dependent on the posi­
tion of Tafe:L plots,·· they do not provide correct information 
to judge whether the transient technique cart be used to re-

.place the steady state potentiostatic measurements. However, 
as seen from tpe third column in Figure ~-b, the Tafel slope 
decreases with increasing the sweep rate. 'The transient 

.measurements a:t a·sweep rate not more than 5 mv/sec provide 
Tafel paramet.ers very similar to those from steady state 
potentiostatic measurements. However, at the sweep rate of 
0.1 mv/sec, it takes even longer time than that required by 
using steady state method for the range of· potential to·be 
studied. 

After treating an electrode at a higher current density 
to form a suffic~ently stable oxide film on its surface, the 
transient techn.ique ~t a sweep rate of 1 - 5 mv/sec provides 
an efficient, accurate and time-saving method for the eval­
uation of elect~9catalytic activities of electrode materials 
for oxygen evolution reactions. At a sweep 'rate of 1 mv/sec, 
the transient technique coupled with 'ia log converter and an 
X-Y recorder takes about one-fifth of the time required to 
obtain .a Taf.el plot using steady state potentiostatic method 
in the same range Qf potential· involved. 
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Investigation of Electrocatalysts for Alkaline Water. 
Electrolysis Cells: 
Nickel Based Alloys 

In addition to nickel as the electrode material for the 
evolution of oxygen in KOH solutions, various alloys were also 
exarnined.(S) Table 2-2 indicates that catalytic properties 
can be favorably modified by combining the proper elements. 
Each compound listed consists of elements neighboring on each 
side of a good catalyst in the periodic table, and each is 
better than the individual elements as electrocatalyst for 
the hydrogen evolution reaction. However, only TiCu would 
be ~table enough in alkaline solutions for use as a Gatalyst 
for the oxygen evolution reaction. 

The changes in electrocatalytic properties of alloys. 
have been t9forted to parallel changes in the number of d~band 
vacancies. Each nickel atom possesses two d-band vacancies. 
Alloying nickel with other transition elements with partly 
filled d-shells produces more d-band vacancies in nickel and 
thus it is possible to deduce its influence on the electro­
catalytic properties. The electrochemical performances of 
three nickel-titanium intcrmei:allic com1Juunds, i.e., Ni

3
Ti, 

NiTi, NiTi
2

, were carried out at 80°C in 3~/o KOH solutions 
contained 1n the Teflon cell. Tafel slopes, transfer coeffi­
cients, and exchange current densities were determined from 
the potential vs. current density relations for the oxygen 
evolution reaction arid are shown in Figure 2-7. 

The intr~duction of Ti possessing partly filled d-shells 
into nickel should increase the number of d-band vacancies 
and hence enhance its electrocatalytic activity. This was 
confirmed in the case of Ni

3
Ti which appears to be a better 

electrocatalyst than pure n1ckel for oxygen evolution reaction 
in the alkaline systems. However, titanium oxide, formed 
during oxygen evolution, is an insulator and eventually, when 
present in large amounts, it will reduce the electrocatalytic 
activity of NiTi alloys. The electrochemical behavior of 
NiTi nearly resembles that of Ni, while NiTi

2 
appears to be 

a poor electrocatalyst with limiting current of approximately, 
55 mA/cm2 • · 
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A similar study. on some other nickel alloys is summarized 
in Table 2-3. When compared with the electrochemical behavior 
of pure nickel, none of these alloys showed any improvement 
in exchange current density. 

oxygen Evolution Reaction on Spinels 

Mixed oxides aOf known to be good electrocatalysts for 
oxygen evolution. (l some spinels, particularly Nico

2
o

4
, 

have shown frfmise as good electrocatalyst.::> for oxygen 
reduction. ( 1 w7 have ex~i~ed Nico2o4 as anode ~aterial 
for oxygen evolution. Prel~m~nary results show th~s substance 
to·be no better than nickel in alkaline solutions. 

In prcpQring Nico2o
4

, rwn nitrates. Ni(N0
3

) 2 .6 H
2
o and 

cu (lqo 
3

) 
2

• G n
2

o 1 wcro weighed :in thP. P.xn.ct proportion of Ni: co, 
1:2 and dissolved in water. The solution was evaporated to 
dryness until there were no more N0

2 
fumes. The black powder 

was now heated in an electric furnace in air for 48 hours at 
a temperature of 325-350°C. For further details, Reference 
12 can be consulted. 

All electrochemical studies on Nico2o4 were done in 3~~ 
KOH at 80°c. Steady state potentiostatic eechnique was used. 
The spinel, NiCe/> 4 were in a proportiuu ur a.pproximately 
20:80 by weight. A nickel screen was dipped in the above 
solution and a coating uf Nlco

2
o4 wa~ depo~ited on it. The 

nickel Rr.rP.P.n was heated in an electric furnace for about an 
hour at 310°C. The electrode so prepared was used as an anode 
for oxygen evolution. 

The results are shown in Figure 2-8. From these results 
it appears that Nico

2
o

4 
is comparable to nickel for the oxygen 

evolution .in 3~~ KOH solution but no better. The Tafel slope, 
transfer coefficient, and exchange current density are given 
in Figure 2-8. ) 

There were many problems with using Nico
2
o4 as electrode 

material in the above manner. Binding of Nico
2
o

4 
to substrate, 

such as nickel screen, is not easy. Teflon may increase the 
resistance of the material very much thus decreasing its 
electrocatalytic activity. To avoid this, Nico

2
o

4 
was prepared 
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on the substrate by thermal deposition. Work with such elec­
trodes is underway in our laboratory. They appear to be much 
better than Teflon-bonded electrodes. 

Investigation of Electrocatalysts for Acid Water 
Electrolysis Cells* 

Most cornrnerci.al water electrolyzers operate at ·70° to 90°C 
in 25-35% potassium hydroxide solutions using nickel electrodes. 
A possible improvement in water electrolysis as a route for 
hydrogen production is the use of solid polymer electrolytes 
such as General Electric's perfluorinated sulfonic acid polymer. 
In a hydrogen energy storage system for electric utility opera­
tions, it is economically advantageous if a single unit can 
serve both as a water electrolyzer and as a fuel cell. During 
electrolysis, the hydrogen ions produced by the oxidation of 
water move across the solid polymer electrolyte and are·re-
duced to form hydrogen at the cathode. One disadvantage of 
such a system is the .acid environment which develops at the 
anode causing corrosion of metals such as nickel .. In this 
study; various metals are investigated for possible use as 
electrocatalysts.for water electrolysis in an acid medium at 80°c. 
Correlations between ·the observed overvoltages and metallic' 
properties are discussed. A previous study in alkaline solu­
tions has shown that cyclic voltarnmetry is a convenient method 
for evaluating electrocatalysts for water electrolysis. (S) · 

The method used to evaluate the various metals as elec­
trocatalysts was cyclic voltarnrnetry using a potential sweep 
rate of 50 mv/sec. Details of this method are reported else­
where.(8) For Pt, Ir, and Ru0

2
, potentiostatic steady state 

studies were made to determine Tafel parameters and the exchange 
current densities. The ruthenium and osmium electrodes were 
notably different from the others since they were formed by 
electroplating the metal onto a platinum wire electrode. A 
ruthenium oxide electrode formed on titanium similar to those 
used in the chlor-alkali industry<13 ) was also tested. 

The cyclic voltarnrnetric traces for the iridium electrode 
in O.lM H

2
so

4 
at80°C are shown in Figure 2-9. The horizontal

2 
line segments show where the current attains a .value of 2rnA/cm 
based on the geometrical area of the electrode. 

*Research carried out by Dr. M. H. Miles, M. A. Thomason, 
J. R. Locker, and w. E. Serafin at Middle Tennessee State 
University under BNL subcontract No. 347505S. 
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From the Tafel equation 

Tl = a + b log i, (1) 

the experi~ental overvoltages for hydrogen or oxygen evolution 
at 2 rnA/em for the various metals should reflect changes in 
the Tafel parameter, a, an~hence ·changes .in the exchange 
current density, i = 10-a , as long as the Tafel slope, b, 
remains constant f8r a given reaction on various metals. 

FiyuL·~ :l-lU preocntL: .:t tounu\\al-y nf illl ay¢l.;l~ vol1"rlllnln-d .. J.."ic 
results on various metals in o.1M H so4 at ~0°c. ThE:! ::;ul.i.u 
circles at the negative potentials locate hydrogen evolution 
at 2 mA/cm2 while the solid circles at the positive potentials 
locate o~gP.n evolution at this current density. The open 
cirolos &hOl.AJ t:"h~ potentials at which the current density 
exceeds 2 rnA/em due to some other anodic process such as . 
. oxidation of the metal. For Cr, Mn and Fe, hydrogen evolu-
tion and anodic oxidation are observed at about the same 
potential. The potentials for Ti, Zr, Hf, Ta, and Pd were not 
as reproducible as those for other metals. This is likely due 
to hydride formation which changes the surface properties. 
For hafnium, the anodic limit observed at about -0.2 V probably 
results from oxidation of the metallic hydride. No reproduci­
ble anodic limits were observed for Ti, Zr, and Ta. Although 
oxygen evolution was initially possible, these surfaces soon 
passivate due to formation of insulating oxide films. 

Figure 2-11 presents results for potentiosta:l:.i.c, steady 
state studies of oxygen evolution on Pt, Ir, and Ruo

2 
in 

l.OM H
2
so4 at 80°C. The potential required for a current · 

of 2 mA/cm2 is about 0.3V less on Ir than on Pt, which is in 
excellent agreement with the corresponding results in Figure 

~ 2-10. It is difficult to compare Ruo
2 

with Ir due to the much 
higher surface roughness factor for Ruo

2
• However, a stable 

electrode with a high roughness factor ~s a desirable property 
for water electrolysis. Judging from Figure 2-11, the cata­
lytic activities for Ir and RuO would be about equal if the 
surface roughness factor for Ru3 is about 50-100 times larger 
than that for Ir. 

2 
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Periodic variations of hydrogen overvoltages with atomic 
numbers of the electrode metals are evident from Figure 2-10. 
The overvoltages shoy minima for Ni, Pd, and Pt which have 
d8s2, d10s 0 , and d 9s electronic configurations, respectively~ 
Large hydrogen overvoltages are observed for Zn, Cd, and Hg 
which are all of the d10s 2 electronic configurations. The 

'periodic trends observed for hydrogen overVoltages in acid 
solution show a high correlation with the work function of 
the elemental metals 

14
ysing the same work function values 

adopted by Trasatti, t · the location of the experimental 
potential, E, versus SCE at 2mA/cm2 for the transition ·metals 
is given by 

E = 0.64¢ - 3.5, (2) 

where ¢ is the work function in electron volts. Figure 2-12 
shows the E vs. ¢ plots for both transition metals and sp metals. 
The correlation coefficient for the least square fit for'the 

.transition metals is 0.88 suggesting a high correlation between 
the observed hydrogen overvoltage and the work function. For 
the non-transition metals tested, the correlation between the· 
oh~e:r.ved hydrogen overvoltagc· <1nd the work funcL.iun is much 
less precise since the calculated correlation coefficient is 
only 0.29. The overvoltages on Zn, Cd, Hg, and Pb actually 
seem to be nearly independent of the work function. The heat 
of adsorption of hydrogen on metals is theorettr~lt6)related · 
to the rate of electrolytic hydrogen evolution ' and ex­
perimental correlations have been observed (5). Fi~ure 2-13 
shows the plot of the potential observed at 2 rnA/em against 
the M-H bond strength of the metal as derived by Krishtalik 16 ) 
from experimental data for hydrogen evolution. The predicted 
volcano-shaped curv~ i~ o~tained and looks similar to results 
based on i values. l 14 J Figure 2-13 suggests the presence of 
a horizontgl region where the overvoltage remains small for 
M-H bond strengths between 52-60 kcal/mole. Such horizontal 
regions are predicted when the adsorption equilibrium follows 
a Temkin isotherm. (15) 

In general, the overvoltage required for the discharge of 
hydrogen ions onto a metallic surface 

+ M + H + e ~ M-H (3) 
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decreases with increasing M-H bond strength while the over­
voltage required for removing the adsorbed hydrogen atoms 

+ 
M-H + H + e ~ M + H

2
, (4) 

or 

M-H + M-H ~ M + H2 (5) 

increases with increasing M-H bond strength. Thus, for metals 
in Figure 2-1~ where the M-H bond strength is less than about 
50 kcal/mole, the discharge step in equation (3) is usually 
rate-determining. For metals where the M-H bond strength is 
greater than about 60 kcal/mole, either slow electrochemical 
desorption as in equation (4), or slow recombination as in 
equation (5) controls the reaction rate. However, such mech­
anism as~ignments are somewhat aml(>Hf:l?gf since vulc..:dL'lO cur":'es 
are pred1cted for each mechan1sm. ' '!'he· only laL'tJt! U..u:>­
crepancies between Krishtalik's values for the M-H bond strength 
and adsorption data from the gas phase are found for Fe, Co, 
and Ni. Krishtalik's value_of about 46 kcal/mole is based upon 
the assumptipn of a slow discharge step on these metals in acid 
solution,\ 6 J however, measur.ements of hydrogen-tritium separa­
tion factors on nickel and iron indicqte a slow electrochemical 
desorption step at high overvoltages. ll?,lB) Perhaps the low 
coverage of hydrogen on these metals places them on the other 
branch of the volcano curve for the electrochemical desorption 
mechanism. 

The best electrocatalysts for the hydrogen evolution 
reaction in 0.1 M H

2
so

4 
at 80°c are found to be in the order 

Pd>P~Rh>Ir>Re~s~Ru>N1. For the ruthenium and osmium elec­
trodes, a roughness factor of about 20 relative to the other 
metals, was assumed. Judging from Figures 2-10, 2-12, and 
2-13, an ideal electrocatalyst lacks 'two electrons in filling 
its outermost d and s sublevels, has a work function of about 
5 eV, and forms M-H bonds with energies of about 52-60 kcal/ 
mole. 

For the oxygen evolution reaction, the catalytic activity 
in acid solution is found to be in the order Ir~Ru~d>Rh>>Pt>> 
Au>>Nb· Nearly all other metals either undergo anodic corrosion 
o~ form passivating oxide films in 0.1 M H2so

4 
at 80°c, hence 

the choice for elemental metals as useful catalysts for the 
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oxygen evolution reaction in acid solutions is limited to the 
precious noble metals. Based upon the cyclic voltammetric . 
and steady state results, iridium and ruthenium appear to be 
the best electrocatalysts for·oxygen evolution in acid solu­
tions. Both form oxides (Iro

2
, RuO )_having high electronic 

conductivities(19) which promotes t£e electron transfer 
through the oxide layer. Results for ruthenium plated onto 
platinum and for ruthenium oxide electrode were similar, 
except that the ruthenium plated electrode gradually disinte­
grated duri~g oxygen evolution while the mixed oxide of Ruo

2 and Tio
2 

on titanium was stable. 

Tafel parameters calculated for the oxygen evolution 
reaction on Pt, Ir, and Ruo

2 
in 1.0 M H

2
so

4 
at 80°c are given 

in Table 2-4. The smaller Tafel slope observed for Ruo
2 

is an 
attractive advantage for this material. Overvoltages for 
oxygen evolution at 20 mA/cm2 and 200 mA/cm2 are given in 
Table 2-5. Even at current densities typically used for 
water electrolysis, the overvoltage on Ir in acid solution is 
about 0.3V less than that observed on Pt. The smallest over­
voltage based on geometrical electode areas are observed for 
Rno

2
. Considering the large roughness factor and small Tafel 

slope, the mixed oxide of Ruo
2 

and Tio
2 

appears to be the 
best electrocatalyst for oxygen evolut1on from acid solutions. 

Design and Fabrication of Two Cell Bipolar Water Electrolyzer 

For membrane barrier testing and observation purposes, a 
two cell bipolar water electrolyzer was constructed. Although 
the cells were build quite large for observation, the working 
electrodes were only 0.050 inch apart for barrier material 
evaluations. The unit is a gravity feed, i.e., the gas bUbbles 
actually work to the pumps and circulate the electrolyte. Two 
separate chambers above the unit serve to collect the hydrogen 
and oxygen generated. Also included is a pressure equalizer 
loop. A lead from the bipolar plate makes it possible to study 
the long time effect of KOH and ion flow on two barrier materials 
simultaneously. At the present time an ion exchange membrane 
(permion 1010) is being used as the gas barrier. 

Evaluation of Engelhard Hydrogen-Air Fuel Cell 

During a brief period when a 750 watt fuel cell was avail­
able on loan, it was tested at different flow rates of hydrogen 
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from about 3 liters/min to a maximum of 15 liters/min. This 
unit consumed about 14 liters of hydrogen per minute when 
supplying 30 amps at 24-6 volts. We were satisfied with this 
fuel ce.ll and have placed an order for a 50 watt unit to be 
used for test and evaluation. 
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PROGRESS IN AREA 3: HYDROGEN STORAGE DEVELOPMENT 

Task Group 3.1 (a) Engineering Test Beds 

Scope: Survey existing data and determine areas to be 
investigated. Design, construct, and operate laboratory 
apparatus to obtain data necessary to determine feasibility 
and to design tP.st facilities (Area 5). Among the data to be 
obtained are (1) thermal conductivity of granular iron-titanium 
compounds; (2) the changes, if any in these compounds, resulting 
from flowing hydrogen through packed beds of granular FeTi com­
pounds both before and after repeated hydriding/dehydriding 
cycles; (4) the kinetics of the hydriding and dehydriding 
reaction; and (5) resistance of container materials to hydro­
gen embrittlement or loss of ductility. It is anticipated 
that a number of individual test beds will be required in 
order to satisfy all of the data needs. 

Summary of Previous Work: 10-lb Hydrogen Reservoir: 
In March of 1973 BNL contracted to build an engineering-scale 
hydrogen reservoir for Public Service Electric & Gas Company 
(PSE&G} of New Jersey on a cooperative financial basis. The 
reservoir is being used in an experimental facility which has 
the overall objective of demonstrating the feasibility of 
storing electrical energy through the production, storage, and 
reconversion of hydrogen. The objective is to be accomplished 
by producing hydrogen from a water electrolyzer (Teledyne 
Isotopes Corp.}, storing it as iron titanium hydride, and sub­
sequently regenerating it from the hydride to be used with air 
in a fuel cell (Pratt & Whitney Corp.} rated at 12.5 kW (ac}. 
The reservoir was designed to store 10 lb of hydrogen and to 
be capable of handling 1.5 lb/hr. Hydrogen from the electro­
lyzer is pressurized to 500 psia with a diaphragm compressor 
(Pressure Products Industries, Inc.} in order to provide the 
driving force during hydriding. The hydride reaction is 
reversible, and the thermal load of approximately 7000 Btu/lb 
hydrogen can be satisfied by circulating water through the 
internal heat exchanger tubes. D~ring charging of the reser­
voir, cold water at 50-80°F is to:be used; whereas for dis­
charging hydrogen, hot water at 80-130°F is to be used •. 
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The vessel consists of a body made from 12 in. diarn. pipe 
with end caps welded to it (6.5 ft long, 316 SS), porous-metal 
tubes for hydrogen collection and distribution (6 tubes parallel 
to and branching f~om the axial gas line, 316 SS), U-bend tubes 
for water flow (9 tubes parallel to the vessel axis, 304 SS), 
grid plates for supporting the porous-metal and water tubes in 
a fixed geometry, (4 plates held together by the rods, 304 SS) 
and 30 thermocouples for monitoring internal temperatures. 
After the vessel was fabricated and tested it was filled with 
879 lb of FeTi alloy (Cannon-Muskegon corp.) using the. screened 
frac·tions ranging in size from 4 to 100 mesh. The initial step 
of activating the alloy, by a process of heating, evacuation 
and contacting with hydrogen, was done over a two-week period, 
during which time 14.3 lb of hydrogen had reacted to produce 
material equivalent to FeTiH1 • 67 • In the limited time avail­
able for tcoting prior to ~Pl hrP.ry of the reservoir to PSE&G 
(February 1974), it was demonstrated that the reservoir could 
accommodate 13 lb of available hydrogen and release it at a 
rate of 2.5 lb/hr. At PSE&G the reservoir was incorporated 
into their Hydrogen-Energy Storage Test Facility, replacing 
a tube trailer of pressurized hydrogen, and the first charging 
run was made without difficulty. An operating manual was pre­
pared for their use. 

Progress During the Report Period: 10-lb Hydrogen Reser­
voir: 'ihe first operations with the reservoir served mainly 
for the training of personnel and further checking of the 
~nP.rgy storage system (electrolyzer, hydride reservoir, and 
the fuel cell). Subsequently difficulties with the electro­
lyzer and the fuel cell necessitated their replacement. The 
first complete and continuous charging run was ma.cle on August 
7, 1974; 12.02 lb of hydrogen was charged over a 10-hour period. 
Four hours into the run, when the reservoir appeared to be in 
good dynamic equilibrium, its performance was compared with the 
design value of UA in. the equation q = U~t. From the observed 
values of the 6t (26.1°F), the hydrogen flow rate (1.36 lb/hr), 
and the heat of association (based on 6700 Btu/lb H

2
), the 

value of UA (349 Btu/hr °F) was calculated: this is 15~/o of the 
design value. It is interesting to note that 8~/o of the 
hydrogen was charged before the bed pressure increased to 350 
psia, because this value is lower than that of commercial high­
pressure electrolyzers, the use of which would eliminate the 
compressor. 
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The first 14 ru~s were hampered by various operating 
problems, including hydrogen leakage in the triple diaphragm 
assembly of the compressor. This failure was due to the for­
mation of a crack in. the primary diaphragm and was most likely 
caused by the intrusion of particulate matter in the gas stream. 
After installation of a thermal-type mass flowmeter for hydro­
gen, a formal series of runs was started. Cycles 15-22 were 
usually made over the course of two days for each part of the 
cycle~ the rate on the first day was a nominal 1.4 ± 0.1 lb H/

2
hr, 

and on the second day the average rate was usually lower because 
the hydride was approaching depletion or saturation. The water 
flowrates used were 1.~5, 3.0 nnd 5.0 GPM and the water inlt:lL 
temperatures were 520/120°, 70°/1000 and 80°/80°F for the 
charge and discharge portions of the cycle. The main effect 
of varying the water flow rate was simply one of arriving at a 
different water ~t. Of particular importance was the effect 
of using a common intermediate water temperature, 80°F, for 
both portions of the cycle. The principal effect of using a 
high inlet water temperature (80°F) during charging was to 
reduce the amount of hydrogen stored in the allotted time. 
This limitation occurs because the higher resulting associa-
tion pressure decreases the driving force, which is the dif­
ference between the compressor and association pressures. 
Likewise, the use of a low inlet water temperature (80°F) 
during discharging reduced the amount of hydrogen released in 
the allotted time because of the lower dissociation pressure 
and the desire to keep the reservoir at essentially the same 
terminal pressure--which is no lower than 30 psia. 

There was an apparent error in the hydrogen inventory 
during the course of these cycles because at one point the 
reservoir stored more hydrogen than expected. Prior to the 
start of cycle 15 the bed was exhausted to about 1.13 lb of 
residual hydrogen, which is unavailable under normal operating 
conditions~ thus at the start of cycle 15 the amount of avail­
able hydrogen was considered to be zero. Subsequently the 
inventory consisted of summing up the integrated flows obtained 
from the mass flowmeter. At one point the amount of available 
hydrogen was 15.6 lb, or 1.3 lb in excess of that determined 
at BNL. This high amount of available hydrogen plus the 
residual amount equals an apparent total of 16.73 lb and 
corresponds with the hydride composition FeTiH1 96 

at that 
time. A value of H this high is considered unlikely because of 
the lower purity of the commercial grade of FeTi used; rather 
it appears that the integrated hydrogen flow is high by about 
15%. 
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summary of Previous Work: Small-Scale Test Beds: Design 
work was started on two test beds which use different methods 
of handling the thermal load in a hydride reservoir. The first 
bed, a convection-type designated B-1, utilizes circulating 
hydrogen gas as the heat transport medium~ its requirements are 
such that about ~/o of the flow is for process use and the 
remainder is necessary thermally. Thus a high-capacity com­
pressor is required along with an external hydrogen/water heat 
exchanger. The use of an existing diaphragm compressor (being 
modified) limited the present vessel size to 1.5-in. pipe, 1.5 
ft. long. The second ~~A~ hA~, a cunductlw1 Ly~~ ~~~1qnated 
B-2, utilizes circulating water in a jacket to handle the 
thermal load: the design and construction of this unit are more 
advanced. The 2.5-ft long vessel is made from {) in. pipe and 
8nd caps (316 DD) wcldod togathQr, and th~ rPmmrr:~hl P. water 
jacket has a 1/8-in annulus. An axial porous metal tube serves 
as the particle barrier and provides a reasonably short path 
for hydrogen transfer. The internal thermocouples (21) are 
located at three planes of elevation and are symmetrically 
spaced. This test bed represents a cylindrical heat transfer 
cell from which thermal and kinetic data will be obtained for 
use in the design of larger reservoirs. It will contain 84 lb 
of FeTi and is expected to store about 1.2 lb of hydrogen. 
The cost of building and operating this equipment is to be 
shared by the Empire State Electric Energy Research Corp. 
(ESEERCO), a group of nine utilities sponsoring energy research. 

PrOC'J-r:'~RR nnring t.h~ Repo_rt Period; Sma!l-Scale Test B~ds: 
Design and fabrication of the ESEERCO test bed (B-2), the 

conduction-type made of 6-in. pipe, were completed; and the 
vessel satisfactorily passed the hydrostatic, radiographic and 
helium leak tests. From the several batches ot couuueL·lt.:dlly 
prepared FeTi alloy on hand, one produced by N. L. Industries 
was selected (NL-2) because of its lower oxygen content and 
relatively high storage capacity. This material was purchased 
as a large ingot and was physically broken up into golf ball­
size chunks suitable for feed to a small mechanical crusher. 
The as-ground particle size distribution, excluding the ~/o 

which was finer than 100 mesh sieve size, is given in Table 
3-1. After loading the vessel with 84 lb of the alloy, the 
activation step was begun. This step, which slm-Jly converts 
the alloy to the hydride, involves heating to nearly 600°F, 
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along with alternate ·flushing and evacuation with hydrogen, 
followed by cooling and contacting with hydrogen at moderate 
pressure (500 psia) • In this step the surface becomes cleaned 
and microfissures develop, thus increasing the surface area for 
the reaction with hydrogen. Ultra-high purity hydrogen 
(99.99~~ min.) is used in the present studies, and after the 
first contacting 0.16 lb of hydrogen was charged. It was 
discharged and contacting was resumed. After 12 such cycles, 
essentially at room temperature, the storage capacity had 
increased to 0.92 lb, and contacting was continued at 500 psia. 
Although the activation step is time consuming, it is necessary 
only :f;or'the initial charge of hydrogen. If the FeTiH should 
sUbsequently become contaminated with oxygen or moistu~e, its 
storage capacity will decrease; however, reactivation will 
restore its capacity. This operation proceeds much more 
rapidly than the initial activation and can usually be per­
formed at a somewhat lower temperature. 

During the same period work on the process lines, panel 
board and instrumentation was completed. All data is printed 
in digital form, including hydrogen pressure, flow rate and 
integrated flow, bed temperatures, water flow rate and inlet 
and outlet temperatures as well as the date and time. A view 
of the equipment is shown in Figure 3-1; the ESEERCO test bed 
is located between the panel boards. Some additional effort 
was necessary to eliminate small leaks which interfered with 
the amount of hydrogen taken up during the final stage of acti­
vation. The reaction rate was very low, and the change in 
supply pressure was being used to determine the amount of 
hydrogen uptake. From the first discharge runs it was deter­
mined that at least 1.19 lb of hydrogen had been charged during 
the last activation step. This amount is equivalent to the 
hydride FeTiH

1 4
£, neglecting the small amount of residual, 

or unavailable; fiydrogen. The hydrogen was discharged during 
three periods of operation, the amounts being 1.046, 0.141 and 
0.005 lb, respectively.' The significant data are summarized 
in Table 3~2. In the first run the hydrogen flow rate was 
difficult to adjust initially because of the high differential 
pressure; so several minutes elapsed before a nominal flow 
rate of 40 LPM was established. This run was terminated when 
the bed pressure decreased to 33 psia. The next run was termi­
nated when the hydrogen flow rate decreased from 40 to 34 LPM 
during the one-minute printing interval; and the last run was 
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ended when the bed pressure decreased to 19 psia. About two 
hours later the bed pressure had increased to 52 psia while 
water at 22°C was flowing through the jacket; thus some addi­
tional hydrogen could have been discharged at the 5-LPM rate. 
Several minor changes to aid in operation of the equipment 
will be made in the immediate future. 

Some additional effort was put on the design of the 
convection-type test bed (B-1), but construction of the equip­
m'i:'nr '.Vi"'R nAfP.rred when the lonq-term cyclic tests showed thCJ.t 
the bed pressure drop increased greatly due to attr~t~on Of 
the FeTiH (see Section 3.l(b)). The existing compressor 
which wasxmodified for circultating hydrogen gas is now being 
used to reclaim cylinder hydrogen which formerly could not be 
Utilized after the preBBUL't::! U8Crea~ed tO 500 p:Jiet. 

Task Group 3.1 (b) Metal Hydride Material Test Beds 

Summary of Previous Work: Small-Scale Test Beds: Test 
Beds A and A-1, which were set up to study the long-term 
behavior of FeTiH during hydride-dehydride cycling, had 
completed 840 andx266 cycles, respectively. The FeTi alloy 
was produced by Cannon-Muskegon Corp. (Batch No. VE 524), and 
charges of 386 and 380 gr, respectively, were used in the l-in. 
diam. vessels (304 SS). Euch cycle was conducted at a constant 
pressure of 530-540 psia, and hydriding groceeclecl fuL 30 min 
at a bed temperature of 15°-20°C {59°-68 F) followed by de­
hydriding for 20 min at 105°-109°C (221°-228°F). The composi­
H nn r.hn.n~e was estimated to be FeTiH0 "' ~ l<'eTiH1 3 baBeu on 
the amount of released hydrogen. As expected, particle attri­
tion increased the pressure drop; however, there was no 
significant decrease in storage capacity. Initially the pres­
sure drop was about 1 in. H

2
o at a hydrogen flow rate of 5000 

SCCM, and when the experiment was terminated for Bed A at 
840 cycles, the value was 4.7 psi. A screen analysis of the 
bed material showed that approximately 4~~ of the 20- and 30 
mesh starting material (2:1 mixture) was reduced in particle 
size by a factor of ten. Test Bed A-1 was provided with 
quartz wool plugs (loosely packed) at the vessel ends in 
order to separate the bed from the filters. 
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Progress During the Report Period: Test Bed A-1 was dis­
assembled after completing 1200 hydriding-dehydriding cycles~ 
the extent of attrition was greater than for Bed A which went 
through 840 cycles. Sixty percent of the starting material 
was reduced in particle size by a factor of ten, and 2~/o had 
a 20-fold decrease in size. After 1080 cycles the pressure 
drop was 12.3 psi. The reduction in particle size did not, 
however, signifi~antly decrease the ability of the bed to 
store hydrogen (~48 L) • The high value of 6P is significant 
for Reference Design A, the circulating gas scheme which uses 
hydrogen as the heat transport medium, because it increases 
filtration and hydrogen circula.tion costs; it will have con­
siderably less effect on the internal heat-exchange scheme 
(Reference Design B) because the hydrogen flow rate is very 
low by comparison. Examination of the test vessel at Sandia 
Laboratories showed that the 1200-cycle exposure caused no 
adverse effects. Compared with an unexposed specimen of the 
same 304 SS tubing, the oxide layer appeared thicker than 
expected. It cont'ained Fe, Cr, O, and lesser amounts of Ni, 
Ti, s and c. 

TWo new test beds, A-1-1 and A-1-2 were pu·t into opera­
tion for studies on the behavior of FeTi produced by N. L. 
Industries (Batch No. NL 1). The first bed contained 16-mesh 
alloy and the second one had 100-mesh alloy. They have now 
been through about 1400 and 1500 cycles, respectively. Their 
behavior has been similar to the previous pair of test beds 
except that their storage capacity slowly decreased over the 
first thousand cycles. Efforts to restore the capacity with­
out shutting down the equipment have not been successful; so 
reactivation of the bed material is being considered if it is 
not removed for examination. 

In similar equipment a series of 28 hydride-dehydride 
runs was made with NL-1 material in order to determine the 
effect of hydriding pressure and time. The initial reaction 
rate was very rapid due to the high driving force (difference 
between the charging and association pressures). For example, 
in a 15-min hydriding period 82"/o of the hyd1·ogen reacted in 
2 min at a supply pressure of 300 psia and 51"/o reacted at a 
pressure of.l50 psia. The time to arrive at the composition 
FeTiH0 4 was 0.61 min for a charging pressure of 300 psia, 
and it~was 3.5 min for 150 psia. After the high initial rate 
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the increase in bed temperature raised the association pressure 
and thereby reduced the driving force; thus the reaction rate 
was heat-transfer limited. For the dehydriding part of the 
cycle, the time to reduce the composition by x =-: 0.4 'V,Ias 13 min 
for material which had been hydrided for 15 min at 300 psia and 
was then heated to increase its pressure to 600 psia; for 
material which was charged at 150 psia, it took 21 min to 
release the same amount of hydrogen. 

A n-=-w t-.P.st-bec;l vessel made of aluminum alloy 6061-T6 was 
put into opArH.i..ion. :r L p~ovidcu ...1 ..:,...;1,_,.:-~~ At. botw~':n t}IF-' 

heat-transport medium and the hydride, and it w111 be used 
for obtaining PTC equilibrium data, kinetics experiments and 
gas-additive effects. Furthermore, the behavior of this· 
aluminum alloy will be determined under actual operating con­
dlLlO!i.S. The tomperat1.1:rP r.nntrol will be better than that for 
the stainless steel jacketed vessels alreudy in service. The 
vessel body was made from a piece of 4-in.-diameter barstock 
1 foot long. The hydride will be contained in four 1/2-in. 
diameter drilled holes 90° apart, parallel to the longitudinal 
axis. An outer ring of twenty-four 1/4-in.-diameter holes 
{3-3/8 in. pitch circle) serve as channels for the heat­
transport medium. Inlet and outlet headers are welded to the 
body ends and a flange assembly is used for the top closure. 
The gas line has a porous-metal filter disc ( 101.1 rating) 
pressed into the head flange, and the body has an axial hole 
for insert1ori o:f a tlt~J..'mocouple from the V1'7'RRP.l bottom to mid­
height of t-hP. hydride cavities. The four cavities will hold 
about 200 grams of FeTiH • For the discharge ot: hy6rogeu, 
electrical band heaters tclamp-on type) will be used instead 
of steam. The association pressure vs. composition curve for 
FeTiH produced from NL-1 alloy, was determined at 30°c (86°F) 
and i~ shown in Figure 3-2. compared with the hydride made 
with zone-refined alloy, the plateau is narrower, and more im­
portantly, at a 500-psi charging pressure the value of x is 
<0.8. Thus for the cooling water temperdLure of 30°C speci= 
fied in Reference Design B, this material has an unusually 
low storage capacity. 
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Task Group 3.2 Safety 

Scope: To investigate the safety problems of FeTiH 
storage aside from the safety aspects of hydrogen gas. ~is 
activity will determine if serious safety problems exist that 
must be addressed in a longer range study. 

Summary of Previous Work: A series of three preliminary 
bench-scale reservoir rupture experiments was carried out with 
FeTiH • No unique or unexpected safety hazards were uncovered 
and d~e material was judged to be safer than most "'TOlatile 
fuels. A subcontract was awarded to the Denver Research 
Institute to undertake a more wide ranging and definitive study 
of its safety characteristics. 

Progress During the Report Period: A theoretical model 
for auto-ignition of fine metal hydride particles in air has 
been developed and a draft report regarding this subject was 
prepared. The model is successful in predicting the general 
trend in the variation of ignition temperature with system 
parameters when compared with the available experimental data 
for other metal systems. Unfortunately, such data ~re scarce 
and it is impossible to predict absolute values for any par­
ticular system, including FeTiH • However, the model should 
be helpful in the design and in£erpretation of experiments 
designed to resolve safety questions. 

The Denver Research Institute study of the safety charac­
teristics of iron titanium hydride was completed and a report 
issued (see Fifth Quarterly Progress Report, January 1 to 
March 31, 1975, BNL 20420). It was concluded on the basis of 
this study that the properties of this material pose no un­
expected or especially serious hazard which would hinder its 
use as a hydrogen storage medium • 

Task Group 3.3 Materials Specification and Development 

Scope: Establish a set of chemical and physical speci­
fications for iron-titanium. rbese specifications to include 
such things as partial pressure of hydrogen, particle attrition 
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due to hydriding and dehydriding, flow-pressure drop charac-. 
teristics, sensitivity to impurities, etc., and such other 
properties relevant to use in hydrogen storage systems. 

When preliminary specifications are available, work will 
begin to identify and develop the capabilities of a manufacturer 
to supply the quantities required for test facilities. 

Summary of Previous Work: The properties of iron-titanium 
hy(lrinA nre such -e.'tlat it .i::; c.:ctpctLl~ of .!!!erving ao an atti:"activ" 
and practical ertergy-or-llytlL'UI:Jt:Hl ::.Lor age medium. I\ pilot-seal" 
FeTiH reservoir, containing 879 lb of FeTi alloy and capable 
of st3ring 13 lb of hydrogen, was designed and constructed for 
Public Service Electric and Gas co. of New Jersey. It replaced 
a tube trailer of high-pressure hydrogen at theiL· Hyu.rogen­
Energy Storage Test Facility and has operated successfully. 
Several commercial suppliers of FeTi alloy were identified and 
several thousand pounds were purchased. 

Progress During the Report Period: The Timet subsidiary 
of N.L. Industries has been identified as a reliab~e supplier 
of FeTi of good quality. Two 500 lb batches of FeTi ($3/lb) 
were obtained from this source and our analysis of each batch 
is given in Table 3-3. The behavior of this material upon 
hydriding, as shown in f'igure 3-3, approaches that of FcTi 
made from zone-refined, high-puri·ty starting materials. For 
purposes of comparison the behavior of zone-refin~d material 
and a cornrnerc1al hydride is al::;u ::;l1own in Figure 3 -3. 

In the finu.l quarter of the fiscr~l yP.ar, a subcontract 
was awarded to Internation Nickel Corp. to examine and define 
the interrelations among composition, microstructure and 
hydriding behavior of FeTi and related alloys. As part of 
this program some twenty alloy samples, accumulated over 
several years, have been examined metallurgically. The~->e 

samples were characterized with respect to their hydriding 
behavior. All the data have not been synthesized; however, 
certain trends are apparent. The most important CUL'L't:dctLion 
is that in compounds such as TiFe

1
_ M , where M is a transi­

tion metal, the lattice spacing expXnds and this expansion 
can be correlated w.ith both the amount of M and the degree 
that the behavior of the resulting hydride departs from that 
of pure FeTi. 
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The materials development effort will be expanded in 
FY 1976. The rationale for this expansion is based on the .. . 
following considerations. In Reference Design B the specified 
temperature of ·t.h~· available waste heat is 156°C (313°F}. It 
has also been noted that the capital costs of a hydride energy 
storage unit is a sensitive function of the hydriding pressure, 
the cost increasing as the pressure increases.. In considering 
these two factors one can conclude that not only is it possi­
ble to replace FeTiH with a more stable hydride, but there is 
a very strong incent!ve to do so. The advantage, of course, 
lies in the fact that at any given temperature the hydritling 
pressure would be proportionately reduced, effecting a con­
sequent reduction in capital costs. .There are a number of 
ternary alloys of type TiFe M which may be suitable for 
this purpose. However, to dateYwe have only very limited ex­
perimental data and none of the results have been confirmed in 
detail; the only thing that one can say with certainty is that 
it is possible to produce a hydride of the type TiFe

1 
M H 

which would have a substantially lower _equilibrium d1s~o~i~tion 
pressure than FeTiH • 

. X 

Thus the objectives of ·Lhis effort are as follows: 

(1) Determine the effect of the replacement of Fe on 
the properties of the subsequent hydride in alloys 
of the type TiFe

1
_ M • Our objectives here would 

be to confirm prevrotis data and to examine new 
alloys of potential value. 

(2) Complete a detailed examination of one or more 
candidate systems chosen from thoseinvestigated 
in item (1). These systems should have proper­
ties which appear to most closely approach the 
optimum ~n relation to Reference Design B. ·This 
task should emphasize the following areas: repro­
ducible behavio~, alloy cost, kinetics, hydrogen 
content, hysteresis effects, and safety. 

(3) Develop composition which will reduce the hysteresis 
phenomenon. our objective would be to increase the 
understanding of the hysteresis mechanism and to 
apply this new insight toward minimizing hysteresis 
in practical energy storage systems. 
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Some in-house work on the metallography of FeTi has been 
carried out. Initial results were obtained on characterizing 
various batches of iron titanium alloy by means of metallography 
in combination with scanning electron microscopy and quantita­
tive microprobe analysis. The chemical compositions of these 
materials are given in TaLle J-4 and the meta]lographic results 
are briefly summarized in Table 3-5 which lis·ts the phases 
present, and in some cases, their chemical composition deduced 
from microprobe results. The metallography work shows that the 
microstructure of FeTi is complex: several oxygen-bearing . 
phases are embedded in· an oxygen-free matrix of C FeTi. Primary 
dendrites having the atomic weight ratio Fe/Ti = 1.66 are common 
nnd ~ay be C F~Ti with a fi~e dispersion o~ e F~ 2Ti. ~ oxyge~~ 
bear1ng eutect1c correspond1ng to the <J:Lonn.c we1ght rat1o FP./TLv 
0.83 (E'e

7
Ti

10
o

3
) occurc; as a dispP.rsed. or "Chinese-Script," 

phase. · 

For the NL alloys, the apparent result of annealing NL-1 
for 16 hours at 900°C (1652°F) was to change a dendritic phase 
containing a few black needles to an all-black phase. The NL-2 
alloy, which had the lowest oxygen content of those commercially 
produced, had a structure similar to the zone-refined alloy. 
Alloy VE-495, which had a high oxygen content, had half of the 
matrix covered with the "Chinese-Script" eutectic containing_ 
mixed o::x:ide pha~es. Scanning electron micrographs· of fractu.red 
surfaces indicated that the fracture mode is brittle and that 
the amounts of the oxide phal::iE::!::i adhering to the ~nr.face corres­
pond with the oxygen values found by chemical analysis. 

It appears that the partial replacement of Fe with Mn 
causes little difference in the microstructure, but the hydriding 
behavior is modified. The Mn seems to replace the Fe in the 
matrix and the dendritic phase, and there is a lamellar phase 
having the same composition as the matrix. The alloy with 6.5% 
Mn did not appear to have an expanded lattice. X-ray powder 
patterns of the binary alloy fit the cubic structure of FeTi 
with a = 2. 97 R. The main effect of Mn on the hydriding 
behavi8r was to significantly lower the association and disso­
ciation pressures: the characteristic pressure plateau was 
replaced by a sloping curve. It is of interest to note that 
the B-1 material which had the highest oxygen level had the 
poorest storage capacity; its effective capacity was .. only about 
77% that of the zone-refined alloy. 
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Task·Group 3~4 Selection of container Materials 

Scope: Although ·the· 300-series stainless steels are now 
used successfully for the construction of small-scale.hydride 
storage equipment, they are presently too expensive for use in 
large-scale plants. The reservoir environment is different 
from that in high pressure hydrogen systems which have been 
examined, due to the presence of FeTiH ; consequently, suitable 
lower cost materials must be identi"fiea in a test program. The 
storage vessel must safely withstand not only the operating 
pressure; but it must also be resis.tant to hydrogen embrittle­
ment and excessive loss of ductility •. 

Progress During the Report Period: Container Materials: 
To aid in the search for.a suitabl~ container material, 

a cooperative program was established ·wi.th Sandia Laboratories 
which has carried out previous_studies of hydrogen embrittJe­
ment at· high pressure.· . Screening tests of the candidate . 
materials in hydrogen are being performed there, and subsequently 
the candidate materials will be exposed in a reservoir environ­
ment at Brookhaven. The agreement also provides that Sandia 
supply the raw candidate materials along with drawings for the 
tensile specimen and its self-loading fixture. Their fabri­
cation, and the equipment in which they are to be exposed, 
will be built at Brookhaven. After the specimens are tested, 
Sandia will examine them and make suitable recommendations. 
All specimens will be tested at their proofstress level in 
plain, notched, welded and coated forms. The first screening 
tests have shown that the following materials are candidates 
for further testing in the reservoir environment: three carbon 
steels Al06-B, A515 Grade 70, A516 Grade 70, aluminum alloy 
6061-T6, alloy steel 2~Cr - ~Mo, and type 304 stainless steel. 
Further short-term tensile tests with notched bars and bars 
of welded material have shown that Al06-B and A516 Grade 70 
are the best of the ordinary steels ·for service on hydrogen. 
The use of a coating, applied to steel by a brush plating 
procedure, offers a way of greatly reducing hydrogen uptake 
in mild steel. A Pb-Sn solder coating (2 mils thick) applied 
to a steel specimen (10 mils thic~) reduced the hydrogen 
permeation rate by a factor of 10 • The effect of this 
coating and in air had a percent reduction in area (%RA) at 
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fracture of 76%. When thermally charged with hydrogen and 
tested in hydrogen at 600 psi, the o/oRA'fell to 35%; but with 
the 2-mil coating the o/oRA was only 5~~ in hydrogen. 

The hydride reservoir in which the tensile-loaded speci­
mens will be immersed in a granular bed of FeTiH will be 
called the Container Materials Test Bed, designated C-1. Con­
struction was started on the 6-in. pipe vessel (schedule lOS, 
type 316 SS) which is about 2.5 ft long and accommodates 80 
specimens in 8 columnar wire cages. It has an axial porous 
metal tube, 12 internal thermocouples, and an external water 
coil for handling the thermal load. The 70 lb of FeTi alloy 
will be activated in a companion vessel which will later be 
temporarily .coupled to the test bed for transfer of the 
hydride. An accelerated operating basis consisting of about 
5 hydridinq-dehydridinq cycles per day has been antiqipateq. 
The specimen and fixture drawings and the raw candidate 
materials were received from Sandia, and preparation for 
fabrication was started. 
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PROGRESS IN AREA 5: FACILITIES 

Task Group 5.1 Prototype Test Facility 

Scope: This T_ask Group contains all activities necessary 
to evaluate project data, and to design, construct, and operate 
a test facility to obtain the performance characteristics of 
iron-titanium beds in dynam~c hydrogen systems incorporating 
all components necessary to prove process feasibility. All 
process information necessary to design and operate a Demon­
stration Facility is to be generated in this Task Group. 

Progress During the Report Period: No further site work 
has been done in the propos~d prototype test facility (PTF) area 
since the high-pressure hydrogen storage cylinders were installed. 
The fixed metal hydride bed with internal heat exchange surface 
has been selected for the PTF hydrogen storage reservoir. This 
process scheme is designated Reference Design B and is currently 
being developed in Task Group 1.2. Preliminary calculations 
have been made for a reservoir with a 50 kW thermal equivalent 
power. rating and a thermal equivalent hydrogen capacity of 500 kW. 
These values would correspond to an estimated 20 kW(e) output 
from a fuel cell conversion device. On the basis of energy systems 
studies currently underway, the PTF may be reor.iented toward dual­
mode operation of the conversion device • 

. . 
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Tahle 1-1 

nrst-dhutign ot.!X•!:!r,:; ru.L Rs;_f~ro:-.nco !!_ 

Design by FPC Accounts 

Descripti..Q!!. 

Land and land rights 

Structure and improvements 

Processing and storage equipment 

· Accessory electric equipment 

Miscellaneous power plant equipment 

S~nt.ion eQl,lipment 

1 

8 

72 

8 

1 

7 

Miscellaneuu::; c:on.!!ltruction Qx;p.;-:nRP.S 3 

100 
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Table 1-2 

Summary of Cost Distribution for 

FPC ·Account No. 342 

Fuel cell packages (24) including inverters 

Electrolyzer packages (24) including rectifiers 

Hydrid~ storage. vessels (10) 

Iron titanium hydride 

Instrumentation_and controls 

Piping, valves, insulation, e~c. 

Heat exchangers, tankage and miscellaneous 

.•; 
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14.3 

43.3 

4.6 

15.3 

4.5 

11.7 

6.3 

100.0 



Storage 
Conversion 
Efficiency 

0.05 

0.10 

0.15 

0.20 

0.25 

0.30 

0.35 

0.40 

0.4, 

0;50 

0.55 

0.60 

0.65 

0.70 

o. 7 5 

0.80 

0.85 

0.90 

0.95 

1.00 

Table 1-3 

The Break-Even Capital Costs of Electric Storage Devices 

As a Function of the Overall Conversion Efficiency 

Distillate Oil Price Distillate Oil Price Distillate Oil Price 
¢1 ,··.1/lQ(j Hi:u - 3Z, y_/106_ Dtu $"L 9/l_Q6 ;§tu 

Load Load Load Load Load Load ~oad Load Load 
Factor Factor Factor Factor Factor Factor. Factor Factor Factor 

0.05 0.10 0.20 0.05 0.10 0.20 0.05 0.10 0.20 

-ju -825 -1941 -347 -896 -204M -294 -790 '1836 

-16 -233 -757 -7 -216 -688 46 ~110 -4/6 

83 -36 -363 106 11 -234 159 117 -22 

132 63 -166 163 125 -8 216 231 204 

162 122 -47 197 193 129 250 . 299 341 

182 162 32 220 238 219 273 344 431 

196 190 88· 236 270 284 289 376 496 

206 211 130 248 295 333 301 401 545 

214 227 1 ll1 258 :314 370 Jll 11~0 5137 

221 240 189 265 329 401 318 43.5 613 

226 251 211 271 341 4:l~ .H4 44/ 637 

231 260 229 276 351 446 330 /157 n5R 

235 268 244 281 360 464 334 466 675 

238 274 257 285 368 478 338 474 690 

241 280 268 288 3'74 4Yl 341 400 703 

243 285 278 291 380 503 344 486 715 

245 289 287 293 385 513 346 491 725 

247 293 294 293 389 522 348 (.q'j 734 

249 296 301 297 393 530 350 499 742 

251 300 308 299 397 537 352 503 749 

All costs in 1970 dollars per kW(e). Conversion factors from 1970 dollars to 1974 and 1975 
dollars are 1.313 and 1.450, respectively. 
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Table 2-1 

Tafel Slopes, Transfer Coefficients, and Exchange Current Densities 

For the Hydrogen and Oxygen Evolution Reactions on Nickel Electrodes 

in 50% KOH at ·Temperatures of 80°, 150°, 208°, and 264°C. 

HJ:drogen Evolution Reaction 

Transfer Exchange Current 
Tafel Slope· (V} Coefficient* Density (A/cm2) 

T(OC) low n high n :low n high n low n high 

80 0.14 0.50 1.1 X 10-4 

150 0.054 0.28 1.6 0.30 1.8X 9,5 X 

10-4 10-3 

208 0.070 0.32 1.4 0.30 8.0 X 3.0 X 

10-4 10-2 

264 0.066 0.20 1.6 0.53 9.3 X 2.0 X 
10-4 10-2 

OxJ:gen Evolution Reaction 

Transfer Exchange Current 
Tafel Slope (V} Coefficient* Density (A/cm2) 

TCC) low !l high n low n high n low n high 

80 0.095 0.74 4.2 X 10-6 

150 0 .. 125 0.67 1.8 X 10-4 

203 0.085 0.135 1.1 Q. 71 6.0 X 3.5 X 

10-4 10-3 

264 __ 0.032 3.3 1.0 X 10-3 

*Transfer coefficient = 2.303 RT/bF where b is the Tafel slope. 
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Table 2-2 

Results from Testing Compounds ~md Alloys a~ Electroca~a1ys.ts 
for the Hydrogen and Oxygen Evolution.Reactions in'30% ~OH at 
80°C. The Potential vs. SCE is Given Where the . .Current Density 
Attains 2mA/cm2 Using a Sweep Rate of 50mV/sec. ·' ... 

Electrode H
2

(V) Oxidation (V) o2 (V) 

TiCu -1.25 0.30 

Hg::!r.11 -1.10 -0.9 

we -1.30 -1.1 

TiAg -1.40 o.o 

VCu -1.4.0 -0.9 

Table 2=.l 

Tafel Parameters for the Oxygen Evolution 

Reaction on Nickel Based Alloys in 30% KOH at 80°C. 

. 2 
Material b {volt) ll.. i {A/ern ) 

.Q 

NiAg (25 wt % Ag) 0.087 0.80 9.4 X 10-7 

NiFe {25 wt % Fe) 0.066 1.06 6.6 X 10-8 

NiCu {25 wt % Cu) 0.077 0.91 5.7 X 10-7 
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Tafel 

Table 2-4 

Kinetic Parameters for the Oxygen Evolution 

Reaction from 1.0 M H
2
so

4 
at 80°C. 

Parameter, a Tafel Slope, b Transfer 
Exchange Current 

Density 
Electrode (V) (V) Cut:![ ficient:* (A/cm2) 

Ruo
2 0.38 0.057 1.2 2 X 10-7 

Ir 0.57 0.085 0.82 2 X 10-7 

Pt 0.91 0.10 0.70 8 X 10-lO 

*Transfer coefficient 2:303 RT/bF where b is the Tafel slope. 

Table 2-5 

0 Overvoltages for Oxygen Evolution from 1.0 M H
2
so4 at 80 C. 

T)o2 at 2 T)o2 at 200 rnA/em 
2 

Electrode 20 rnA/em (V) 

Ru02 0.29 0.35 

Ir 0.41. 0.50 

Pt 0.74 0.84 
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Table 3-1 

ESEERCO Test Bed Particle Size Distribution* 

U.S. Std. Percent of Weight of Alloy 
Sieve Size Total Grams Pounds ---
- 4 +10 66.83 25,460 56.14 

-10 +16 15.18 5,784 12.75 

16 ,~u 0,14 ?..~~~ 5.16 

-20 +25 2.23 8!10 1. 07 

-25 +30 2.44 930 :.:l.05 

-30 +35 1. 70 618 1. 43 

-35 +GO 4.50 1,71[; 3.78 

-60 +80 0.774 295 0.65 

-80 +100 0.203 77 0.17 

- 4 +100 100 38,100 84.0 

* FeTi alloy produced by N. L. Industries, this portion designated NL2A; 
-4 +10 alloy is that which passed through a 4-mesh sieve and'was retained 
on a 10-mesh sieve. 

Table 3-2 

Data Summary for First Discharge of ESEERCO Test Bed* 

Run Duration 
Initial/Final Conditions H

2 
Discharged 

No. Min. P psia T °C ~2 LPM ~20 oc ~20 GPM Lb. Total Lb. 

F.01D1 133 533/33 46/28 40/40 49/61 ~5/~5 1.D46 1. 046 

E01D2 19 113/19 37/19 40/34 41/39 2/2 0.141 1.187 

E01D3 6 85/19 35/22 5/5 39/39 2/2 0.005 1.192 

* P = pressure measured at top of bed; T = representative bed temperature based 
on thermocouple (No. 9) located at mid-height on the mid-area plane; H

2 
flow 

rate iR in liters/min. 
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* 

Table 3-3 

* Analysis of FeTi Alloy Produced by N.L. Industries 

Element 

Fe 

Ti 

· Ni 

Mn 

A1 

Mg 

Gr 

Si. 

0 

c 

Reported as Wt. 

NLl-B 

57.1 

43.9 

0.32 

0.042 

Spectrographic Results 

....o. 1 

....0.04 

<0.01 

<0.01 

<0.1 

0.03 

%. 

··, 
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NL2-A 

55.1 

43.5 

0.051 

0.0024 

....0.1 

----
<0.01 

<0.001 

<0.1 

<0.001 



0\ 
0 

Table 3-4 

Chemical •Composition of 

Material Wt % 
Code1 Fe Ti Mn 

NLl 5";.1 43.9 

NLl annealed 57.1 43.9 

NL2A-M-PC-O 55 .1. 45.3 

B-1 

VE-495 

VE-498 

VE-524 

VE-544 

Al014 

Al016 

1 
NL = 

B = 
VE = 

Al014 = 
Al016 = 

52.8 44.3 

52.7 46.0 

33.3 54.0 6.5 

51.1 47.0 

43.4 47.2 2 ._0 

53.8 46.2 

35.0 60.0 

Alloy produced by N .L. Indus.t::::-ie.s. 
Dehydrided form of a COIIU!I·ercial hydr_i.de .. 
Alloy procuced by Cannon-}1usk:'lgon Corp. 
Zone-refined alloy (BNL). 
Fe2Ti4o (ENL}, 5% oxygen. 

FeTi Materials 

Al 0 c Ni 

:aoo 450 

;;:100 450 

410 2.4 

10000 8700. 1100 30000 

5000 :.!.400 145 

10.00 3000, 170· 

5000 3700 105 

3QOQO 5100 176 





Figure 1-1. Energy storage plant process schematic. 

T • TEMPERATURE •F 
P • PRESSURE psio 

CIRCULATOR---+--. 
HYDROGEN RECIRCULATION 
RATE 35,400 lb/hr{2) 

NOTES 

HYDROGEN FLOW 
TO FUEL CELL PACKAGES 
2800 lb/hr 

..:OPEN 

(I) Fe Ti Ho.2DISSOCIATION EQUILIBRIUM TEMP. AT 294 psio 
(2) BASED ON 16p•F- 315 °F HEATING 

Figure 1-2. Hydriding process schematic. 
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T = TEMPERATURE "F 
P = PRESSURE psi a 

OJ;OXYriFNIIlrR 
02<12 PPM 
BY VOL. 

·Figure 1-3. 

HYDRIDE BEDS 
10-B'DIA. x 30'L (HORIZONTAL) . 
2,460,000 ltl3l FeTiHx 
CONNECTED IN ~ALLEL 

CLDSED \ 

YDROGEN . 

~
IRCULATOR 

ECIRCULATION RATE 
55,000 LB/HRIZl 

B5T 

NOTES 

(I) FeTiH0 _2 DISSOCIATION EQUILIBRIUM TEMP. AT 441 psia 

(2) BASED ON 190 • F COOLING 
(3) BASED ON HYDRIDING FROM FeTiHo2 TO FeTiH1. 4 

Dehydriding process schematic. 

5.54MW(T) 

ESTIMATED NOMINAL PLANT PERFORMANCE 
(CONVECTION CASE) 

.HYDRDING 
RECTIFIER INPUT 71.B MW 
AUXIUARIES-(H2CIRCULA10RS, 
COOLING TOWER PUMPS, 
OTHER PUMPS, ETC) 
TOTAL PLANT INPUT 

~~A~~rlfA~~5~J HHV 
OF Hz) 
NOMINAL HYDRIDING 
EFFECTIVENESS 

DEHYDRIDING 

.0.7 MW 
72.5MW 

50.1 MW 

.2Q,.I_ xiOO= 69% 
72.5 

GROSS PLANT OUTPUT 26.7 MW 
AUXILIARIES- (He CIRCULATORS, 
HEATING WATER CIRQJLAlmS, 
ETC.) O~MW 
NET PLANT OUTPUT 26.0MW 
RATE OF Hz ENERGY 
AVAILABILITY (BASED ON 
HHV OF H2l 50.1.MW 

~?~~~lv~~~~RIDING ~~:g xiOO =52% 

OVERALL PLANT EFFICIENCY (0.69)(0.52) xl00=36% 

Figure 1-4. Estimated plant performance based 
on present technology. 
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Figure 2-1. Potentlal vs. current density 
relations for hydrogen anu oxygen evolution 
on nickel electrodes in 50% KOH solution at 
temperatures ot MUv, 1.50', 200n, and 2fi'' oc. 
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Figure 2-5. Comparison of Tafel plots from 
steady state potentiostatic and non-steady 
state voltametric measurements at sweep rate 
of 0.1 mV/sec for 02 evolution reactions on 
Ni3Ti in 30% KOH solutions at 80°C. 
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Figure 2-6. Comparison of Tafel plots from 
steady state potentiostatic, an~ transient 
measurements at various sweep rates for o2 
evolution reaction on Ni in 30% KOH at 80°C. 
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Figure 2-8. Comparison of electrocatalytic activities 
of Ni and teflon bonded NiCo204 for oxygen evolution 
from 30 wt. % KOH solution at 80°C. 
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panel boards. 
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. APPENDIX 'A 

AREA DESCRIPTION AND LIST OF TASK AREAS 

AREA 1 - Engineering Analysis and Design 

This area includes the tasks that synthesize other areas of 
the project to generate reference designs of a Demonstration 
Facility (DF). The area includes the preparation of~ detailed 
management pla.n for the entire program that contains manpower 
requirements, cost estimates, and schedules. A series of refer­
ence designs for the DF are planned. The initial design will 
be based on estimated performance and will serve to guide the . 
planning of the supporting development work. As data become 
available from the development work, they will be factored into 
later reference designs. Close contact with the electric utili­
ties will be maintained to ensure an end product that is respon­
sive to industrial needs. Similarly, liaison with major component 
vendors will be established to ensure the incorporation of the 
latest technology into the planning and design of the facility. 
Analytical tools will be developed to assist in the modeling of 
storage systems and components. The models in turn are an 
integral part of system optimization studies·. ·Also included 
in this area is the system analysis of energy storage as inte­
grated into the u.s. energy economy. 

Task· Group 1.1 - Program Planning and Management 
Task Group 1.2 - Reference Designs of Demonstration Facility (DF) 
Task Group 1.3 Liaison with Utilities·and Major component vendors 
Task Group 1.4 - Modeling of Storage System and System Optimization 

Studies 
Task Group 1.5 - System Analysis of Energy Storage Integrated into 

the u.s. Energy Economy 

AREA 2 - Hydrogen Production and Auxiliaries 

The availability of high per£ormance electrolytic hydrogen 
production units is essential· to the development of electric 
storage via hydrogen. This area includes development work on 
advanced concepts such as flow-thru electrode (elimination of 
H2 - 02 separators from cells), rotating electrolysis concepts, 
and the evaluation, development, and scale-up of existing high 
performance systems. There are presently at least two advanced 
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electrolysis concepts now that operate well in small sizes which 
could be scaled to larger systems, e.g., the Teledyne Isotopes 
cell. 

'I' ask Group 2.1 - Test Devices 
Task Group 2.2 - Vendor Developmtul t 
Task Group 2.3 - Procurement of Device for Prototype Test 

Facility (PTF) 
Task Gro\,lp 2.4 - By-product Oxygen Utilization 

AREA 3 - Hydrogen Stu.L'age Dcvolopme!'\i"'. 

This area includes the tasks necessary to resolve pro~l~m~ 
relating to physical properties, safety, and mat~rial specifi­
cations o~ the chemicals required for hydrogP.n storage. The 
physical property data, pareicl~ size, pro&&ure nrop and kinetic 
information are important input to the modeling activity. The 
natur~ of the safety constraints must be known early in the 
design phase of all facilities. The preparation of purchase 
specifications and standards for chemicals and special materials 
and concurrent development of sources of supply is another early 
program requirement. 

Task Group 3.1 - Test Beds 
Task Group 3.2 - Safety 
Ta.olt Gro1.1p 1.3 - Materials Specification and Development 
Task Group 3.4 - Selection of Container Mdteria.ls 

AREA 4 - Electric Generating Systems and Auxiliaries 

This area cov~rs the selection and state-of-the-art assess­
ment of generating devices for hydrogen conversion to electric 
and includes fuel cells and turbines. It is essential·that a 
high efficiency conversion device be available for inclusion in 
the Demonstration Facility (DF). Valuable information would be 
gained if a conversion device could be incorporated into the 
Prototype Test Facility (PTF). It is anticipated that this 
device will be a fuel cell and it must, of course, be represen­
tative of the state of the commercial art. However,· it is 
possible t~ build and test the PTF without including a conversion 
device. This is an option that will be considered during the 
design of the PTF. There is also some industrial activity in 
developing hydrogen-fueled turbines of high efficiency and these 
must also be considered for inclusion in the PTF and DF. 
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Task Group 4.1 - Survey of State-of-the-Art and Specification of 
Alternative System 

Task Group 4.2 - Vendor Development 
Task Group 4. 3 - Procurement of Device for PTF 

AREA 5 - Facilities 

This area includes the tasks necessary to design, construct, 
and operate the facilities 'required for the attainment of_ the 
project goal. The required data.will come from other areas of 
the program. All specifications other than for the H~ production 
unit, the metal hydride, and electric conversion device will 
originate in this Area. Two facilities are envisioned at this 
time: a Prototype Test Facility (PTF) and a Demonstration Facil~ 
ity (DF) of 25- to 50-MW(e) size. The first configuration of 
the PTF will validate the_process conditions for an iron-titanium 
bed. Subsequently, hydrogen.production, hydrogen conversion, and 
electrical gear will be added to the bed unit until the ·electric­
to-electric PTF is completed. The operation of the completed unit 
will generate the-final information necessary for the design, 
construction, and operation of the DF. The manpower and budget · 
requirements for the DF have not been included in this Managemen·t 
Plan. It is anticipated that the design, construction, and 
operation of this facility will involve both an architect-engineer 
firm and Brookhaven personnel and that funding may be requested 
from the ERDA and appropriate utility groups such as the Electric· 
Power Research Institute (EPRI). 

Task Group 5.1 - Prototype Test Facility (PTF) 
Task Group 5.2 - Demonstration Facility (DF) 
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P.PPENDIX B 

'' .. . . 
PRCCRAl1_ SCHEDULE . 

HYDROGEN STORAGE P.Nif PRODUCTION-UTILITY SY3TEMS 

TASK GROUP 

Area 1 - Engineering Analysis & Design 

1.1 Program Planning & Management 
1.2 Ref. Design of Demo.Fac.26 MW(e) 
1._3 Liaison w/utilities & Majo Ccmp •. Mfg. 
1.4 Modeling & Sys tern Optimizatic·n 

Area 2 - Hydrogen Production & Aux. 

2.1 
2.2 
2.3 
2.4 

Area 3 

3.1 
3.2 
3.3 
3.4 

Test Devices 
Vendor Development 
Procure Device for PTF 
By-product Oxygen Utilization 

Hydrogen Storage Development 

Test Beds 
Safety 
Materials Spec. & Devel. 
Container Material Selection 

Area 4 - Elec. Gen. Syst. & Aux. 
(fuel cells, etc.) 

4.1 Survey of Art and Specificatior. 
4.2 Vendor Development 
4.3 Procure .Device for PTF 

Area 5 - Facilities 

5.1 Prototype Test Facility (PTF) 
5.2 Demonstration Facility 
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APPENDIX C 

PROJECT MILESTONES 
. ;., ..... : .. 

FY 1974 

1. First Test Bed in operation 

r£..1..975 

2. Extent of safety related research/completed 
3. Reference. Design "A" completed · . 
4. 

. ... · 

·.·;, ~· .... 

,. ~- . 

.:· .. ·. 

5. 
Reference Design "B" ·completed 
Performance data of flow-through electrode.available and concept evaluated 

6. Interim specification for FeTi protptype design completed 

FY.l976 and Transition Period· 

; :. 

.·· ..... 

7. A/E plant layout and costing completed 

I. 
' .... 

. ~ ' ? : 

8. Electrolysis plant·. for Prototype Test Facility· (PTF) 'chosen·· and ordered· 
9. Conversion device for PTF chosen and ordered . 

10. Design of PTF storage ves.sel completed 
11. Major test bed work completed 
12. Specification for optimal metal hydride available and vendor chosen 
13. Container material for·Demonstration Facility chosen 

FY 1977 

14. Electrolysis plant received 
15. Conversion device received 
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APPENDIX D 

Li~t of Existing Subcontracts 

For the design O't a lal.yt: .!Calc water 
electrolysis .plant based on the use of 
solid polymer' electrolytes. 

Development of specifications and large 
scale manufacturing techniques for FeTi' 
alloys. 

Measurements of the catalytic properties of 
specific noble metal alloy systems for _use 
in practical water electrolysis systems. 

- .Safety studies on FeTi materials. 
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