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EXECUTIVE SUMMARY
INTRODUCTION

Because of the limited supplies of fossil fuels available, our energy
supply pattern will undergo some radical changes in the near future.
One change is that energy in any form is going to cost more in propor-
tion to the other things we can buy. Another change is that the sources
of energy which we use will have to change and relatively ''inexhaustible"
supplies such as nuclear energy will have to play an increasing part.
These changes will precipitate a number of other radical changes, which
themselves will be tempered by our increasing desire to avoid ''pollution
or to minimize the effects of our technological progress upon our

environment.

One of the changes that is possible is the development of a fuel
system based upon a synthetic chemical fuel derived from nuclear energy
and fully recyclable materials such as air and water. Of the various
fuels that can be considered, the most likely to come into use is hydro-
gen. An energy industry based upon hydrogen for energy storage, dis-
tribution, and utilization has been termed '"The Hydrogen Economy. "
There is growing interest in such a concept on the part of various in-
dustrial companies, the U.S. Government, the Atomic Energy Commission,

the American Gas Association, and others.

The feasibility and introduction of such a system will not be without
major problems, many of which will require fairly long lead times for
their solution. Accordingly, the Institute of Gas Technology carried out
for the American Gas Association a study of a nationwide hydrogen energy
production, transmission, distribution, and utilization system that may
ultimately take the pléce of the present natural gas system when our
fossil fuel supplies become scarce. The study was intended to establish
the feasibility of such a concept, to identify major problems and time-
tables involved, and to recommend a plan for further investigations.

That study, which is reported here, commenced in June 1971,

The study involved not only the extraction of technical and engineer-
ing information from the available literature and preliminary design
calculations for hydrogen transmission facilities, but also extensive dis-
cussions with representatives of both the chemical industry and NASA,

which are users of hydrogen, and the electrical industry, which is facing
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major problems of energy transmission. Without the cooperation of these

people, this study would not have been as comprehensive.

To report the results of this effort, we have chosen to write a de-
tailed volume that can be used as a basic reference for further work.
Because of the length of that volume, this summary report has been pre-
pared to cover some of the highlights and conclusions of the study.
Inevitably, the summary duplicates some information in the body of the
report and treats other items rather briefly. Further details are to be
found in the body of the report, which follows the same sequence as this

summary report.

I. THE NEED FOR HYDROGEN AS A FUEL IN FUTURE

Many studies have been done of our fossil fuel resources and un-
doubtedly many more will be done. Although many of these come to
differing conclusions, they reach a broad consensus that each of the
fuels — gas, oil, shale, and coal — will be produced at increasing rates
until they each reach a peak, after which time, the rate of producibility
will decline. The peak producibility of natural gas in the lower 48 U.S.
states is occurring now. A recent study of the problem on a worldwide
basis, carried out by Elliott and Turner of Texas Eastern Transmission
Corp., has assumed various models for the rate of development of produc- -
tion and various estimates for the overall fossil fuel resources. In each
case they show that peak producibility occurs in the first half of the
21st century, or within 50-80 years from now. That is not to say that
all the world's coal, for example, will have been used by then, but that
the rate at which all fossil fuels can be produced will be falling off after

that time, so that a new energy source must be found to fill the gap.

The only new energy source with which we can ""fill the gap,'' based
on present and immediate future technology, is nuclear energy. To pro-
duce the vast amounts of energy required in the future, the breeder
reactor, and ultimately the fusion reactor, will have to be developed
because the natural uranium reserves are themselves limited in quantity.
Solar energy may also be harnessed in the future, but advanced devel-
opments are necessary. In this study, we confined our consideration of
energy sources to nuclear reactors. The most important question is the

form in which this nuclear energy is to be delivered to its users.
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Most of the current work on nuclear reactor technology is aimed at
converting nuclear energy into electrical energy for direct supply to the
consumer, As problems of siting nuclear power plants, due to their
heat release requirements and safety considerations, become greater,
longer transmission lines are becoming required. The optimum size for
nuclear power stations is also likely to become very large, about 5000
to 10, 000 MW, again requiring large, high-capacity transmission lines.
Among recent developments in the nuclear industry is a growing interest
in modular floating power stations, built by shipyard techniques and de-
livered to ocean-cooled offshore sites. Quite recently, Westinghouse-
Tenneco have teamed up to enter this field. We foresee the nuclear power
stations of the future being large installations, remotely sited along side,

or actually in, large bodies of water.

In the U.S., the use of electric energy by the consumer is growing
at more than double the rate at which our overall use of energy is grow-
ing. The growth rate of electricity now (1970-71) appears to be slowing,
but is still predicted to rise considerably faster than the direct use of
fossil fuels. The impact of the growth of nuclear electric power stations
will assist this trend. On economic grounds, such a trend is surpris-
ing because electric energy, on the average, today costs 7-3/4 times as
much as natural gas, for example. It is also surprising on conservation
grounds because a unit of electrical energy, by the time it reaches the
user, has required between 3 and 4 times that amount of fuel energy in
its generation and transmission. Thus, energy use patterns are certainly
not completely dominated by either cost or a concern for fossil fuel

resources,

One of the biggest problems facing the electrical industry is the
transmission of the huge quantities of electric power that will be pro-
duced by the remotely located generating stations to the concentrated
urban areas where the load centers are. Apart from the high cost of
transmission equipment and maintenance, there is growing concern for
the aesthetic effect of overhead lines. Allied with this problem is one
of storage requirements: At present, there is no way of storing large
quantities of electrical energy near the consumer sites for peakshaving

purposes.
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In the fossil fuel industries, we are accustomed to using our fuels
as a storage and transmission medium. We take for granted the ability
to fill up an automobile gasoline tank for a 200-mile journey. We also
take for granted the availability, on demand, of huge quantities of oil or
natural gas for winter heating on a severely cold day. Neither of these
examples is easily available in an all-electric economy — witness the
absence of electric automobiles (and airplanes) and the difficulties exper-
ienced in keeping up the electricity supply of, for example, New York
City on its peak demand day in summer. The nuclear age will need a

synthetic chemical fuel that will make possible —

a. Lower cost transmission
b. TUnderground or inconspicuous transmission and distribution

c. Storage for peakshaving

Of the various chemical fuels considered, we must confine ourselves
to those made from air and water, so that on combustion their products
can be deposited into the environment without pollution. Of the choices
available to us, hydrogen is the easiest to make and in many ways the
easiest to use. Ammonia and hydrazine might be made from hydrogen
and atmospheric nitrogen. Methanol or even hydrocarbons might be
synthesized from hydrogen and carbon dioxide derived from limestone or

from the atmosphere. All of these require hydrogen.

Hydrogen is the cleanest of all fuels, burning to form only water,
with the possibility, which may be suppressed, of nitrogen oxides forma-
tion from the heated air. Apart from the absence of pollution, water is
sufficiently abundant and mobile in the earth's crust that no disturbance
would be caused by consuming water at the generating stations and liber-
ating it in the cities.

We can therefore make a strong case for considering hydrogen as a
"universal'' fuel to replace natural gas and the other fossil fuels as they
become scarce or expensive. Let us now look into the technical prob-

lems and economics of its production and use.



II. '"SCENARIO'" FOR THE HYDROGEN ECONOMY

To set the stage for examining some of the problems to be solved,
we have attempted to paint a picture of the energy situation 30 to 50
years from now, assuming that a hydrogen energy system was develop-
ing. This is the ''scenario’ technique of technological forecasting and

allows one to foresee problems before they actually occur.

In the "Hydrogen Economy,'' hydrogen will be produced from nuclear
energy by today's known technology using water electrolysis. Direct-
current electric power from a nuclear power station can be used to elec-
trolyze water into hydrogen and oxygen at efficiencies of about 100%

(in comparison to today's figures of between 60 and 70%). New methods
will also be developed for water-splitting using the nuclear reactor heat

directly.

Hydrogen will be used for all the present applications of natural gas
and more. Burners can be designed to handle hydrogen in heating, cook-
ing, and industrial operations. Gas turbines and piston engines will
operate better on hydrogen. Fuel cells that use hydrogen as a fuel are
simpler and cheaper than those that use hydrocarbon fuels. As we have
already mentioned, hydrogen is an extremely clean fuel, the controlled burn-
ing of which produces only water. The benefit of such a clean fuel on

the environment will be considerable.

Hydrogen will be transmitted from the remote, possibly offshore,
power stations in underground high-pressure pipelines similar to those
used for natural gas today. In many instances, the same lines can be
used, with modifications to the compressor stations. There appear to
be no insurmountable problems in doing this, Hydrogen will be distributed
in networks similar to those used for today's natural gas., Some extra

safety considerations are necessary, but appear to be acceptable.

The cost of delivering energy in a natural gas pipeline distribution
system is today far lower than the cost of moving electrical energy.
This advantage of gas transmission appears to be retained if we move to
hydrogen. Today's costs of installation of gas and electric transmission
equipment are shown in Figure 1, which presents data derived from 1970

A.G.A. and FPC reports. The intercepts at the zero-distance axis are
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Figure 1. INVESTMENT COSTS FOR

ENERGY TRANSMISSION FACILITIES
the combined costs of terminal facilities. Gas compressor costs are
included in the pipeline cost per mile. We have estimated the cost of
hydrogen production and transmission facilities, using advanced electro-
lyzer cost data as the ''terminal cost'' and a factor of 1.33 times the
pipeline cost of natural gas to compensate for the increased compressor
station capacity required. Converting electricity to hydrogen and deliver-
ing it as hydrogen is attractive over distances of a few hundred miles,
or even shorter distances if underground electricity transmission is the

alternative.

We computed the average 1970 costs of the production, transmission,
and distribution of gas and electricity including all amortization,
taxes, and profits, from statistical data provided by the FPC and A, G. A.
By conventional utility financing techniques, we estimated the cost of
production of hydrogen, based on advanced electrolyzer plant costs and
the 1970 average U.S. electric power production cost of 9.1 mills/kWhr.
We estimated the cost of transmission of hydrogen based on our
calculations that optimized hydrogen transmission will cost about

2.6 times that of natural gas, allowing for the increased compressor
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requirements and hydrogen fuel cost of $3.00/million Btu. Table 1 shows
all these data and indicates that even at today's prices, hydrogen energy
could be delivered to the consumer more cheaply by underground systems
than electricity can be distributed by overhead systems.
Table 1. RELATIVE PRICES OF DELIVERED ENERGY
(Source: 1970 Data From the FPC and A.G.A.)
Electricity Natural Gas Electrolytic Hydrogen
$ /million Btu

Production 2. 67 0.17 2.95-3,237
Transmission 0. 61 0.20 0.52%
Distribution 1. 61 0.27 0. 34
Total 4,89 0. 64 3.81-4.,09
* Equivalent to 9.1 mills/kWhr.
t Assuming power purchased at 9.1 mills/kWhr.
+

Assuming pipeline hydrogen, at $3.00/million Btu used for compressor
fuel in optimized pipelines compared to natural gas at $0.25/million Btu.
The quantities of hydrogen that will be required for such a concept

will be enormous. For example, if we were to produce enough to re-
place the 1970 natural gas supply, we would require 68 trillion SCF of
hydrogen per year. By electrolyzer techniques this will require 1 million
MW of electrical power. In comparison, the total U.S. generating cap-
acity in 1970 was 0.36 million MW and was growing at a rate of 'only"
6% /yr. Although the amount of water required to produce this quantity
of hydrogen will be large, about 1.2 billion gallons/day, this is

small in relation to the cooling water requirements of the power stations,
20 billion gallons/day for evaporative cooling towers, or 540 billion
gallons/day for direct cooling. Thus, the growth of a hydrogen energy
system is very likely to be limited by the rate at which new nuclear

power stations can be financed, licensed, and constructed.

Because of the supreme cleanliness of hydrogen as a fuel, consider-
ation might be given to introducing it at an earlier time than that dictated
by the relative economics of fossil and nuclear fuel. Hydrogen can be

produced from coal, oil, and shale almost as cheaply as can pipeline
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gas, and we foresee the beginnings of a hydrogen-energy economy rely-
ing on gasifying our remaining fossil fuels to a form, hydrogen, that is

compatible with future energy forms — nuclear, solar, and geothermal.

III. HYDROGEN PRODUCTION

We examined in detail the present techniques for producing hydrogen
from electric power and from thermal energy without the use of fossil
fuels. The only such process currently available is that of electrolysis
of water. Large-scale electrolysis plants are in operation in many parts
of the world where relatively cheap electric power is available, mainly
supplying hydrogen to the ammonia and fertilizer industry. None of these
plants is as large as we are envisioning, but they are modular in con-
struction and could scale up without problems. Two of the largest
plants consume about 90-100 MW, within a factor of 10 of the size we

imagine as a suitable unit for fuel production.

The efficiency of present plants is about 60-70%, based on the ratio
of the fuel value of hydrogen produced to the electrical input. Because
of the special thermodynamic conditions of water electrolysis, it is theo-
retically possible to operate a cell that absorbs heat from its surround-
ings and thus produces about 20% more hydrogen energy than the electrical
energy supplied. In practice, it should be possible to develop a plant
that would operate at aﬁ apparent 100% efficiency, based on electrical
input, and still allow some irreversible electrode losses., Data from
the literature indicate that some laboratory electrolyzers of advanced
electrode design, operating under severe conditions, have achieved thié
condition, but there is a question of both their cost and their longevity.
Research directed toward increasing the efficiency and decreasing the

capital cost of electrolysis cells appears to be a very worthwhile proposition.

The cost of hydrogen production by electrolysis is markedly dependent
on the cost of electric power. Allis-Chalmers and Oak Ridge National
Laboratory carried out a design study for large-scale electrolyzers in
1966, and derived a cost for a 44, 000 Ib/hr plant (about 1000 MW input)
of about $40 million. This is about 10% of the cost of the nuclear
power stations required to supply it. Their hydrogen production cost
 was based upon some rather unorthodox financing assumptions and a very

low cost of electric power (2.5 mills/kWhr, compared to an average
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cost of over 9.0 mills prevailing in 1970). This gives a hydrogen pro-
duction cost of $1,03/million Btu. We revised these calculations and
derived a cost range of $2.00-$3.20 if power is available at 4 mills-7

mills /kWhr — figures which we feel are reasonable if continuous operation

at uniform loading is achieved.

We then made some assumptions about likely advances in electrolysis
technology, including a reduction of 50% in capital cost and an increase
of electrical efficiency from 70% to 100%. We justify the first assump-
tion on the basis that half of our previous cost was based on the a-c to
d-c conversion equipment, which can be eliminated if an acyclic or
homopolar generator is developed, as General Electric Company indicates
is possible. The second assumption was justified on the belief that long-
term research and development can achieve similar results for electrolysis

cells as it already has achieved for fuel cells.

Assuming these advances are made, we derive a cost range for
hydrogen of between $1.50 and $2.50/million Btu for power at 4 mills
to 7 mills/kWhr and a cost of $2.95 at today's average power produc-~
tion cost. We believe these costs can be met after reasonable develop-

ment investment.

Another means of producing hydrogen is by thermochemical water-
splitting to avoid the costs and inefficiencies of producing electricity.
Work on thermochemical water-splitting is in progress at the Euratom
Laboratories in Italy and at IGT under a separate A,G.A. contract.

By this process, water enters into a series of chemical reactions that
consume heat energy directly from the nuclear reactor. Hydrogen and
oxygen are among the products of the reaction sequences. All other
products are completely recycled within a closed loop. Of the various
processes proposed, all appear to require the use of highly corrosive
chemicals at high temperatures and pressures. We feel that this area

is fertile for further experimentation, but no conclusions can yet be
drawn about cost or practical efficiency of such a process. Theoretically,
the efficiency of a single thermal water-splitting process can reach 85%
and is not subject to the same restrictions that control the efficiency of

nuclear-electric power stations.



IV. HYDROGEN TRANSMISSION

Hydrogen is moved in chemical plants in huge quantities through
pipes operating at up to 1200 psi. The U.S., Germany, and South
Africa operate pipeline systems using pipes up to 12 inches in diam-
eter and pressures up to 450 psi, over distances of 50 miles or more.
One network of hydrogen pipelines in Germany totals about 130 miles.
As an example of how a light gas, with leakage characteristics similar
to hydrogen, is handled, a 425-mile helium pipeline is in operation from
Kansas to Texas. We have found no examples of hydrogen lines with

intermediate compressor stages in them.

We find no reason to suppose that existing pipeline materials are
not compatible with hydrogen. Hydrogen intergranular embrittlement
does not occur at the typical temperatures and pressures experienced by
pipelines, except in the presence of "atomic hydrogen'' produced, for in-
stance, by corrosion processes. Molecular hydrogen under pressures of
up to 2000 psi at room temperature does not affect carbon steels at room
temperature. We found reference to a new phenomenon, known as
Nenvironment embrittlement,'' observed and being studied by NASA's re-
search laboratories. This is a surface-fracture phenomenon associated
with the presence of very high purity hydrogen at high pressures on a
steel surface subject to yielding stress. Whether or not this is cause
for concern to pipeline design requires further study, but it does not ap-
pear to have caused problems, for instance, with the either U.S. or
German hydrogen pipeline systems, the latter having been in continuous
operation since 1940.

We determined the energy-carrying characteristics of an existing
natural gas pipeline if it were converted to hydrogen. Because of the
different compressibilities of hydrogen and natural gas, the capacity
ratio of the pipe itself varies with pressure, but is only slightly less
for hydrogen than for natural gas at 750 psi. The existing compressor
capacity would be inadequate to handle the extra volume required to
carry the same energy; the pumping horsepower would also have to be
increased. In summary, an existing line, without modification, operated
on hydrogen would carry only 26% of the energy, but would require only
10% of the compressor horsepower, as with natural gas. To carry the

same energy content as hydrogen, at the same pressure of 750 psia, the
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compressor capacity must be increased by 3.8 times and the horsepower
by 5.5 times. Considerable advantages, especially in horsepower require-

ment, result from operation at increased pressures.

We then carried out a detailed design optimization of a single com-
pression section of pipeline, at an arbitrary length of 65 miles, for oper-
ation on hydrogen. This design was not completely optimized for hydrogen
because it would require prolonged repetitive calculations, but we derived
the necessary equations and physical data to allow this to be done. Our
preliminary conclusions are that the cost of hydrogen transmission at 750
psia is between 3¢ and 5¢/million Btu per 100 miles compared to current
costs for natural gas of about 1¢ to l.5¢/million Btu per 100 miles, at
throughputs of 300 to 500 trillion Btu/year and assuming a $3. 00/million
Btu cost of hydrogen as compressor fuel. Increasing the pipeline pres-
sure to 2000 psia significantly reduces the fuel consumption. The overall
costs are from 2.5¢ to 3¢/million Btu per 100 miles. These data are

summarized in Figure 2.

Compressors specifically designed for hydrogen will be rather dif-
ferent from those for natural gas. Achieving a high enough compression
ratio in a single-stage radial compressor will present a problem. Multi-
stage compressors with about eight stages are probably optimum. Axial
turbocompressors are attractive for very large volumes. The screw com-
pressor, not normally used at high pressures, would combine the benefits

of positive displacement with high throughput and low capital cost.

An interesting possibility exists for combining a liquid-hydrogen
transmission pipeline with a superconducting cable carrying electric
power. Liquid-hydrogen transmission alone appears to be prohibitively
expensive, as does a helium-cooled superconducting power line, but, as

a long-term possibility, a combination of the two may have merit,

The estimated costs of moving energy by hydrogen pipeline between
2.5¢and 5.0¢/million Btu per 100 miles compared very favorably with
the average costs of overhead electrical transmission, which range be-

tween 10.0¢ and 30.0¢/million Btu per 100 miles.
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Figure 2. OPTIMIZED TRANSMISSION COSTS
FOR HYDROGEN COMPARED TO NATURAL GAS

V. HYDROGEN STORAGE

One of the great advantages of the hydrogen energy form over elec-
trical energy is its capability of storage on a large scale, as is required
for peakshaving on a daily and seasonal basis. Line-packing will prob-
ably be unimportant as a storage technique for hydrogen because the
pipeline will contain only about one-quarter of the energy as a natural gas
line at the same pressure. Compressed gas storage appears to be pro-
hibitively expensive on all but the smallest scale. In addition, liquid-
hydrogen technology has grown rapidly as part of the space program. On
the other hand, underground storage of hydrogen in depleted oil and gas
fields, in aquifer storage, and in mined caverns all appear to be econ-
omical and practical., We have created an analogy between liquid-hydrogen

storage and liquid-natural-gas storage.
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Because of the much lower boiling point of hydrogen (—423°F), con-
siderably more cost is involved in liquefying and storing it than natural
gas. Ratios for hydrogen to natural gas handling costs are shown below:

LH,/LNG, $ ratio
for same Btu

Liquefaction Plant 2.8

Liquefaction Energy 2.0
Storage Tank*¥ 4.8

Based on 0.4 X 10'2 Btu capacity and highly insulated; probably

smaller ratio for much larger tanks with higher boil-off rate allowed.
The largest liquid-hydrogen tank in the world is at Cape Kennedy and
stores about 1 million gallons, or 38 billion Btu, of hydrogen. Impres-
sive as this is, it is still small compared with a typical LNG peakshaving
tank containing about 2000 billion Btu; although it is comparable in energy
storage capacity with the world's largest electrical storage system — the
pumped hydroelectric plant at Ludington, Michigan (51 billion Btu).
Liquid hydrogen for peakshaving storage appears to be a technical cer-

tainty, but could cost over double the present costs of LNG storage.

As already mentioned, underground storage of hydrogen in depleted
gas and oil fields or in aquifer storage appears to be technically and
economically feasible. If these fields are gas-tight for methane, they
will be gas-tight for hydrogen, as the seal is accomplished by a water
capillary effect and is independent of the nature of the gas. Large wvol-
umes of coke-oven manufactured gas containing hydrogen were stored
for many years at Beynes, near Paris, for peakshaving duty in aquifer
storage of 12 billion SCF capacity. Underground storage operating
at about 700 psia will contain only about one-quarter of the energy with

hydrogen as with natural gas.

Thirty billion SCF of helium is now in storage in the Cliffside field

near Amarillo, Texas.

If hydrogen is to be considered as a vehicle or aircraft fuel, small-
scale portable storage is required. Liquid-hydrogen storage is certainly
technically feasible, but safety considerations involving both fueling and
accident conditions should be considered further. TUnder controlled con-
ditions, both transfer operations and over-the-road trucking are carried

out today on a routine basis,
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The great bulk of hydrogen in liguid form is a major disadvantage
over hydrocarbon fuels, but its very high energy-to-weight ratio (2.6
times that of gasoline) partially compensates. An equal energy content
of hydrogen occupies 4 times the bulk but weighs only 0. 38 times as
much as gasoline. While the low density may be a problem in ground

transportation, the low weight is of dramatic advantage in aircraft design.

Chemical storage as hydrides — either as ammonia or as metal
hydrides — can be considered. Ammonia can cause toxicity and pollution
problems if it is not completely decomposed when hydrogen is withdrawn.
Metal hydrides are, at present, still rather a heavy way of storing hy-
drogen. Small research programs are in progress at Brookhaven National
Laboratory and at N.V. Philips in The Netherlands, but should be aug-
mented. * New storage schemes, such as underwater containers with
pressure equilization, suggested for natural gas should be equally appli-

‘cable to hydrogen.

vI. HYDROGEN DISTRIBUTION

A public distribution system for pure hydrogen does not exist at
present, although the vast experience with manufactured gas, which con-
tains up to 50% hydrogen, is valuable and suggests that the concept is
feasible. Because operation is at relatively low pressure and flows are
laminar rather than turbulent, the increased requirements of a transmis-
sion system do not apply to a distribution system. With hydrogen, the
capacity of an existing system operating with the same pressure drops
would be within 6% of its capacity with natural gas. Most existing mate-
rials are compatible with hydrogen. Although the permeability of plastic
pipes is from 5 to 85 times higher for hydrogen than for methane, ac-
cording to materials, the absolute loss rates are insignificantly small,
from both a cost and a safety consideration. In this respect, PVC and

polyethylene pipe are superior to ABS and CAB.

Safety is a major consideration. It appears essential to add an
odorant and possibly a flame illuminant to hydrogen to allow leaks to be
detected easily. This presents no problems other than the possible
poisoning of catalytic burners, which is discussed later. A new form of
sulfur-free odorant might be considered to give hydrogen its own char-

acteristic smell and eliminate this catalyst problem.

% So far, the metal hydrides considered have all been too heavy and ‘the
heats of dissociation too great to permit their immediate use in practical
systems. 14



Existing codes for gas distribution systems will apply equally to
hydrogen systems, with the exception of one of the National Fire Codes,

which prohibits the use of cast iron pipe for hydrogen service.

VII. HYDROGEN UTILIZATION

Hydrogen will be primarily used to produce heat by combustion. We
have reviewed the combustion characteristics of hydrogen and compared
them with those of methane, The most dramatic differences are in
1) flame speed, 2) ignition energy, and 3) upper flammability limit with
air. The first of these differences requires that the burners now in use
for natural gas must be modified, but the extent of the required modifica-
tions can be accurately predicted, and the feasibility of modifying each
type of burner can be evaluated in advance. The second difference re-
sults in easier ignition systems, more stable flames, and a somewhat
greater safety hazard in the event of leakage. The third makes little
difference to most applications, but renders operation of engines on hy-
drogen rather easier than on methane because engines will operate smoothly

over a wide range of fuel-air mixtures.

The type of burners used for manufactured gas will be useful with
hydrogen. The conversion of natural gas burners may be more difficult
than the earlier conversion in the reverse direction because port sizes
must be made smaller, whereas before they were enlarged. Experimental
study of the various types of domestic and industrial burners is essential
to determine the extent to which hydrogen can be added to natural gas
before problems appear and to determine the most practical and economical
way of carrying out a conversion operation. There is already enough

data to broadly design the required changes.

Hydrogen offers a great opportunity for novel appliance concepts
because it is admirably suited to catalytic combustion. At temperatures
from 100°F upward, hydrogen will oxidize in air completely on a cata-
lyst surface. Catalytic radiant and convective heaters are possible.

The cleanliness of the fuel allows its combustion without a flue. At the
lower temperatures of catalytic combustion, no nitrogen oxides can be formed,
so water is the only product. Novel domestic heating concepts can be

devised, using a single ventilator in the house to control the overall

humidity produced by individual heating devices in each room. Much
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higher efficiencies than conventional gas burners are thus available.
Research is needed to develop these catalytic burner concepts into use-
ful hardware, especially in the area of inexpensive catalysts and ignition

systems.

Of the other equipment on the customers' premises, only the meter
needs modifying, as it will have to carry 3 times the volume of gas.
It may also be necessary to close the vent orifices on some regulators

for safety reasons.

Hydrogen has been used successfully to operate aircraft gas turbines
with very little modification. Several projects are now under way to
operate piston engines on hydrogen. Modification of the carburetor ap-
pears necessary, together with adjustment of ignition timing and increas-
ing the crankcase ventilation. Diesels should be easier to convert, as
their fuel injection is probably ideally suited to operation on hydrogen.
Limited data so far suggest that gasoline engines operating on hydrogen
produce only about one-tenth, or less, of the usual nitrogen oxides
pollutants and no other emission other than water vapor. Thus, the
need to develop an adequately small and light hydrogen "fuel tank'' for a
vehicle is great, if an abundant and universal supply of pure hydrogen is
assumed. Considerable study has already been done for aircraft hydrogen
fuel systems. A hydrogen-fueled aircraft flew in 1957. Hydrogen fuel
is essential for hypersonic transports and is likely to be seriously re-

considered by NASA for wide-bodied subsonic transports in future.

As an industrial raw material, hydrogen is already very important
and is certain to remain so. Its use in upgrading of remaining fossil
fuels to gasoline and pipeline gas is likely to increase, as is its use as
a direct reductant in the steel industry. It could easily replace fossil

fuels as a general source of heat for the process industry.

Hydrogen can be used as a fuel for local electricity generation when
the economics of transmission from the power station dictate that pipe-
line hydrogen should be preferred. Conventional steam stations can
readily be converted to hydrogen or can be designed to use it as a fuel.
The required design data are available. If it is economical to pipeline
the oxygen too, there are exciting prospects for direct hydrogen-oxygen

steam-generation devices to operate conventional turbine equipment at
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high efficiency and with zero pollution. Hydrogen gas turbine-generators
are practicable for peaking duty. Most important of all is the fuel cell,
which becomes technically far easier, and at a much lower cost, if pure
hydrogen is available as a supply. Hydrogen-air cells should have a 55%

overall efficiency; hydrogen-oxygen cells, over 60%.

The vast amount of oxygen produced as a by-product in hydrogen
manufacture has not been credited to the economics in our study, and
we have given little attention to its use. Nevertheless, oxygen is vitally
important to the steel industry and is of great use to water treatment
and sewage disposal processes. Further consideration must be given to

developing markets for this new product of the gas industry.

VIII. HYDROGEN SAFETY

The most controversial subject concerning the use of hydrogen as a
fuel is its safety. We have examined this in considerable detail and have
compared its hazardous properties with those of natural gas. Owur con-
clusion is that, because of the hazard, so much work has gone on in in-
dustrial hydrogen safety that we now know how to achieve the same safety

standards as we obtain with natural gas.

In fact, several features of hydrogen make it safer than some of the
materials we handle routinely today. Its low density and high diffusivity
ensure that leaking hydrogen diffuses quickly. Its low heating value means
that the energy buildup in a confined space is less than that of methane
or propane. Extra precautions must be taken, however, to seal small
leaks because hydrogen leaks through a given opening at about 3 times the
rate of natural gas. There are well-established and rigid codes of prac-
tice for hydrogen handling, both as a gas and as a liquid. In the liquid
form, it does not appear to be significantly more hazardous than LNG,
with the exception of the possibility that air or oxygen from the air could
condense on poorly insulated surfaces, thus creating a fire hazard.

Proper design of equipment eliminates this possibility.

We believe that a proper education and public relations program will
be required to condition the public, who still remember the Hindenburg
accident, to the use of hydrogen. An analogy here is the Cleveland LNG
accident, which received widespread publicity and acted against the in-
stallation of LNG facilities in other areas for several years, but was

overcome by effective public relations.
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IX. CONVERSION AND IMPLEMENTATION

We have considered two ways to convert from natural gas to hydrogen.
A gradual ''mixed gas' approach, with increased additions of hydrogen
into the existing distribution system, appears to be unacceptable because
of the wide disparity in heating values (325 and 1025 Btu/SCF) and because
of the need to repeatedly modify burners. A once-and-for-all change on
a regional basis is to be preferred. The technique for doing this must
be planned well in advance; much experience is available from prior con-
versions both in the U.S. and elsewhere. Several electric utilities are
showing interest in using hydrogen gas for energy transmission;

cooperating with these projects will yield benefits.

The offtake of hydrogen from the 'power lines' for purposes other
than regeneration of electricity should be possible. There is a clear
basic advantage here for the gas industry to be involved with the running
and operating of these lines because this type of operation may well act

as the nucleating center for regional conversion.

X, ALTERNATIVES TO THE HYDROGEN ENERGY SYSTEM

Assuming a widespread increase in nuclear-electric generating facil-
ities in the future, we have examined in broad outline the alternatives
facing us in delivering this energy to the consumer. The future expan-
sion of overhead a-c and d-c transmission systems is severely limited
because of high cost and because of environmentalist opposition, yet the
same environmental pressures are forcing the remote location of the gen-
erating stations, Advancing technology in overhead power transmission

appears to offer little hope of significantly reducing costs.

Considerable efforts are going on in the field of underground trans-
mission; however, it is at least 10 times more expensive than overhead,
and what work is going on will not reduce its cost by an order of mag-
nitude. Efforts at cryogenic cooling of conductors and of superconducting
cables are under fairly intense funding, but the objectives of these pro-
grams are to bring the costs of underground transmission down only into
the region of existing overhead lines and not below. There seems little
to suggest that the cost of electric transmission can be brought down to

the levels we have predicted for hydrogen pipelines.
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The need for storage is acute in the electric industry. Research
projects are under way to develop bulk storage batteries, but we consider
the chances of success to be unlikely, The only large-scale storage
means for electricity now in use is pumped hydroelectric storage. We
examined the largest pumped hydroelectric installation in some detail.
Its cost is extremely high, both in dollars and in the land occupied, in
comparison with conventional gas storage techniques. In addition, such
systems can be built in only limited geographical areas. Electrical
energy storage, by either battery or pumped hydroelectric power, thus
appear to have no chance of being built economically on the scales already
required by the gas energy industry, and achieved by underground and
cryogenic techniques. Some new approaches are being made toward the
possibility of compressed air storage in underground caverns, but none

are yet in wuse.

Considerable effort has already been spent on electric vehicles, but
rechargeable batteries suitable for high-performance cars, trucks, trains,
and ships are still in the early stage of laboratory development. An
electric airplane appears to offer no prospects at all., Transportation in
general then has a long-lasting need for a chemical fuel. Hydrogen is a

superior fuel for aircraft.

Ammonia can be produced from hydrogen as a storable and chemical
fuel. The toxicity and pollution problems inherent with its use must,
however, be weighed against the problems associated with the direct use
of hydrogen. They appear to be equal in magnitude. Synthetic methane,
methanol, and gasoline-like hydrocarbons can be made from hydrogen and
carbon dioxide, derived either from the atmosphere or from limestone.
These fuels would do nothing to alleviate today's pollution problems, but
otherwise could be used directly., Since all of these synthetic fuels re-
quire hydrogen, the '"Hydrogen Economy'' is still a basic part of their
production cycle. Further attention should nonetheless be given to the
technical problems associated with extracting carbon from the atmosphere

or limestone.
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XI. RECOMMENDATIONS

We recommended that further serious consideration be given to the
development of a hydrogen energy economy for the future because it ap-
pears to have many advantages, both in economics and in environmental

attractiveness, over the alternatives.

Rather than wait for the time when fossil fuel costs become too high
and a substitution of nuclear-derived hydrogen can be wholly justified on
economic terms alone, we should consider committing the U.S. gas in-
dustry, or the U.S. energy industry, to such a course in the future and
begin to prepare for it now. In this context, the conversion of coal and
other "low-grade'' fuels to hydrogen, and the creation and expansion of
a hydrogen distribution and utilization network in the very near future

can be justified.

The following research objectives should be established, some of

which can be delayed for attention at a later date:
1. Production
a. Increased efficiéncy of electrolysis cells
b. Decreased cost of electrolysis cells

c. Systems optimization of nuclear-electric-electrolysis power
stations

d. ”Prosp.ecting” research on new thermochemical water-splitting

- N~

e. Engineering studies of practical means to harness solar energy
to make hydrogen

2. Transmission

a. Detailed pipeline optimization studies aimed at identifying
compressor design requirements

b. Compressor development for optimum hydrogen service

c. Study of the "hydrogen environment embrittlement' phenomenon
under conditions associated with transmission pipeline operation

d. Preliminary design and cost studies on liquid-hydrogen pipelines
carrying cryoresistive or superconducting electric cables

20



Storage

a.

Detailed operational plan for a pilot scheme for underground
storage of hydrogen in a depleted gas field or in aquifer
storage '

Basic research on metal hydrides, with special regard for re-
ducing the heat transfer load during charge and discharge

c. [Engineering-economic studies on integrated hydride storage
systems to allow use of the hydride heat energy released on
charge

d. Investigation of the practical feasibility of constructing large-
scale cryogenic hydrogen tanks without vacuum insulation

e. Investigation of means to reduce the cost of hydrogen liquefac-
tion and storage

Distribution

a. Experimental studies of pipe-sealing materials in hydrogen
environments

b. Experimental tests of leakage characteristics from various types
of pipe failures including joints, corrosion pits, and fractures
in pipes carrying hydrogen

c. Life tests for possible degradation and permeability checks on
plastic pipe in hydrogen service

d. Selection of suitable odorants and leak detectors for hydrogen

e. Selection of suitable flame illuminants for hydrogen

Utilization

a. Experimental survey of existing domestic and industrial burners
converted to hydrogen service

b. Experimental development of inexpensive catalysts and catalytic
appliances for domestic and industrial use

c. Development of appliances not using catalytic burners that are
fueled with hydrogen

d. Investigation of feasibility of converting existing meters to oper-
ate at 3 times the volume flow rate

e. Analysis of an inexpensive and efficient hydrogen-air fuel cell

f. Engineering design of a large passenger-carrying aircraft

fueled by hydrogen
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g. Detailed market study for tonnage amounts of oxygen

h. Cost and feasibility studies for transmission of oxygen by
pipeline from the generating station to the point of use

Safety

a. Construction of suitable demonstration systems for —
1) Demonstration to visitors, such as government regulatory

officers

2) Demonstration to potential users
3) Demonstration to potential equipment manufacturers

b. Use of demonstration equipment by gas company maintenance
crews to explore problem areas and to create confidence

c. Use of demonstration equipment to test new equipment

d. Preparation of Hydrogen Safety Manual for use by gas industry
personnel

e. Production of promotional and public relations materials such
as movies

f. Review of existing local and national codes to determine if

they are strict enough to ensure safe operation on hydrogen

Systems Studies

a.

C,.

Design of a hydrogen-oxygen twin pipeline system for electric
power transmission, feeding substation-sized fuel cell or gas
or steam-turbine-generator

Construction of large-scale demonstration energy transmission
system, using commercial electrolyzer, commercial pipeline

components, modified ''commercial'' electric generator, and other

hydrogen-using equipment
Long-term use of a hydrogen pipeline/compressor/distribution

equipment sequence in a closed-loop operation to demonstrate
experience and confidence in handling hydrogen
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I. THE NEED FOR HYDROGEN AS A FUEL IN THE FUTURE

A. Introduction

In this section, we first examine the future trends likely to occur in
the overall energy supply and distribution area, and we observe a num-
ber of results of these trends which have relevance to the future use of
hydrogen as a fuel. Such an energy ''overview'' is important if we are
to understand the need for a new transportable and storable energy form.
Then we look at the alternatives before us in selecting a synthetic non-
fossil fuel and find that we can make an almost overwhelming case for
hydrogen as the fuel of the future. Finally, we make the point that to-
morrow's fuel can be integrated with today's energy system in a very

dramatic way.

B. Outlook for Fossil Fuels

The total reserves of fossil fuels of all kinds are, of course, finite.
Many experts have made estimates of the various natural resources, both
in the U.S. and on a worldwide basis, as well as forecasts of our energy
(and therefore fuel) demands. Although these forecasts and estimates
vary from expert to expert, the overall message is clear: We are using
our fuel resources at a rapidly increasing rate, and we can only supply

our needs by increasing our production and importation of fuels.
Some facts of relevance to this study are summarized as follows:

a. Natural gas demand far outstrips the rate at which it can be produced
domestically; importation alone cannot fill the deficiency.

b. Domestic coal reserves are far greater than those of oil or gas,
but the demand for coal for fuel use is relatively small. This has
led to the development of processes for the conversion of coal into

oil and gas. Moreover, the reserves of economically recoverable
coal are probably far smaller than the huge reserve figures frequently
quoted.

c. As more of the known fuel reserves are used, the cost of explora-
tion and extraction rises, leading to higher fuel costs. This trend
is seen clearly for coal, oil, and gas.

d. Worldwide fossil fuels are being produced at such an accelerating
rate that we will reach the peak producibility in 30-80 years, after
which time the expected increase in our energy consumption on a
worldwide basis will have to be met from nonfossil sources.




bl

The point in time at which fossil fuel production cannot meet energy
demands is of considerable importance to the energy industry. A study
by Dr. Martin Elliott of Texas Eastern Transmission Corporation (Reif-
erence 2) suggests that we may reach the point of maximum producibility
of the U.S. fossil fuels by the year 2050 — or sooner if the rate of fos-
sil fuel consumption continues to grow. When the producibility declines,
it could be associated with a marked increase in fuel cost if the demand
continues to grow. Because of the importance of imported fuels, one
should really be considering worldwide fossil fuel reserves, rather than

only U.S. reserves.

In 2 more recent paper,> M. A. Elliott and N. C. Turner of Texas
Eastern Transmission Corporation have estimated the future rate of pro-
duction of the world's fossil fuels. They applied several empirical re-
lationships of fossil fuel resources ranging from 85 X 10'8 to 226 X 10'8
Btu. Regardless of which assumption is made, the maximum rate of
production of the world's fossil fuels is projected to occur some time in
the first part of the next century, i.e., between 30 and 80 years from
now., Note that these predictions apply to world resources, not the U.S.
alone, and assume no environmental or economic brake on the rate at
which coal mining capacity can be developed. Figures I-1 and I-2, taken
from Elliott and Turner's paper, illustrate how this peak production rate
is relatively independent of both the resource base and the assumptions

made on the rate of production.

These facts lead us to the clear observation that the prices of fossil
fuels will continue to increase at a rate greater than normal inflation
rates. It is almost impossible, however, to make reliable forecasts of
the rate and price increase beyond a few years hence because so many

unknown factors prevail.

We have attempted to make price projections for the various fossil
fuels for the period up to 1985 and beyond. Projections of fuel availability
exist for up to 1985, but beyond this date we can only speculate. Not
only will fuel prices depend on the availability of fuel and on the econ-
omics of its production and distribution, but they will be strongly influ-
enced by many additional and unforecastable factors such as government
policy, public acceptance of industrial practices, pollution regulations,

and availability of capital.
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We assumed an escalation in all energy costs of 2.5-3.2% to account
for increasing costs of capital equipment and labor. Any variation in
this figure will affect the total costs, but will not significantly change the

relative prices of different fuels.

During the past 2 decades, both the price of coal and total annual
production of coal in the United States have remained remarkably stable.
During this period, the average price of bituminous coal ranged between
$4.50 and $5.00/ton. However, the passage of the Mine Health and
Safety Act of 1969, the enforcement of air pollution control regulations,
and the recent tightness of fossil fuel supplies of all kinds brought about
a sharp escalation in coal prices during 1969 and 1970: The wholesale
coal price index published by the Bureau of Labor Statistics jumped about
50% during 1969 and 1970. Thus, the average price of coal was around
28¢/million Btu at the end of 1970.

In projecting future coal prices, we have relied heavily on the work

of Louis Hauser of the Westinghouse Electric Co. ¢

Hauser predicts
further escalation in the price of coal, although at much lower rates than
the sharp rise of the past 2 years. He estimates that labor costs will
escalate at about 5%/yr over the long term, while materials and supplies
escalate at approximately 3% /yr. We have used Hauser's rate of esca-
lation in the period from 1970 to 1976 and, in fact, have raised it some-
what to accommodate the sharp increase in 1970, which is not fully

accounted for in Hauser's projections.

The observation that coal prices have, in fact, continued to rise

more rapidly than Hauser predicted, even in the short time since his

prediction was made, is important. The reason for this unforecast in-
crease is probably a continuation of effects such as social pressures

for increased mineworkers' safety, air pollution regulations, and land
conservation. We have no way of forecasting the effects of these factors

in the future, but they can only cause coal prices to rise.

However, in the period from 1976 to 1995 an increasing proportion
of Western coal will be used. Western coals are generally strip-mined
and have a mine-mouth price averaging 7¢ or 8¢/million Btu below the
U.S. average coal price. Thus, with an increasing proportion of Western

coal, the average coal price escalates less rapidly, going from a price

I-.5
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of 40¢ /million Btu in 1975 to 50¢/million Btu by 1995 (Table I-1).

Table I-1, PROJECTED AVERAGE MINE-
MOUTH BITUMINOUS COAL PRICES

Year ¢/10° Btu
1970 28.0
1975 39. 0
1980 42.0
1985 44.0
1990 47.0
1995 50. 0

Commercial shale oil production is expected to begin in the early
1980's and to grow rapidly through the remainder of the century. Pro-
duction costs of crude shale oil are estimated at about $4.35-$5.30/bbl.?
This would be competitive with domestic oil; thus shale oil can be con-
sidered as a source of feedstocks for gas production. In Elliott's pro-

jections, including all available shale, tar sands, etc., peak producibility

was still estimated in 2050,

Since the mid-1950's, the price of residual oil has been declining
gradually from a peak of close to 50¢/million Btu in 1957 to about 37¢/
million Btu in New York Harbor in 1969. However, as with coal, the
average price of residual oil in New York Harbor increased about 50%

during 1969 and 1970.

The price of imported oil cannot increase very much without stimu-
lating the development of the shale oil industry. However, low foreign
oil prices could serve to delay the development of our own synthetic oil
resources. Whether they are permitted to do this would depend on gov-
ernment policy regarding the importation of foreign crude and residual
oils. While government policies are difficult to predict, we have assumed
that such policies will permit the importation of foreign oil in quantities
necessary to make up energy deficiencies in our economy, but not large
enough to seriously delay or impair the development of shale oil or syn-

thetic gas and oil from coal.
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We have thus projected the price of residual oil to remain competi-
tively priced and to escalate along with the increasing prices of coal and
synthetic gas at rates that will approximate the 3% /yr escalation that we
have used for capital equipment and labor costs. Our own extension of
the consumption of energy presented in Reference 8 estimates that the
rate‘of importation of foreign oil will peak some time about 1990 and will
gradually decline from then on as our own synthetic oil and gas produc-
tion increases and an increasing proportion of our energy consumption

takes the form of nuclear electricity.

The recent history of natural gas prices is well known; indeed, we
are currently witnessing an attempt to increase the regulated prices of
natural gas at the wellhead. Predicting how soon and how much the well-

head price will be increased during the next several years is difficult.

We have assumed that, at some point in the distant future, the price
of synthetic gas made from coal, shale o0il, or other hydrocarbons will
effectively set the wholesale price of pipeline gas. We have also assumed
that natural gas cannot be found at any price in quantities sufficient to
make supplementary sources of natural gas unnecessary. This means
that the market value of the wellhead price of natural gas will be that
price that would bring natural gas to market at prices comparable with

synthetic pipeline gas.

We also assumed that a) the price of imported LNG will gradually
escalate but will remain below the price of synthetic gas and b) as the
volume of synthetic gas grows and the volume of additional natural gas
supplies increases, the price of imported LNG will gradually fall below
the average wholesale price of gas in the market place, even though it
is still increasing in price. This condition will be necessary for imported

LNG to compete with adequate sources of domestic pipeline gas.

On this basis, we have estimated the price of synthetic gas by
a) using the best available estimates for the cost of synthetic gas,
b) escalating gas processing and transportation costs at a rate of 5% [yr
through 1975, and c) adding coal prices estimated for Western coal in
the preceding discussion for the appropriate years. These costs were
then further escalated at 4% /yr through 1980 and 3% /yr thereafter to the
year 2000, This provides a measure of the maximum gas prices to be

anticipated. I-7
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We then assumed that the average wellhead price will escalate sharply
to about 404/million Btu by 1975 and 50¢/million Btu by 1980. The aver-
age transmission cost was then added to these wellhead prices to obtain
an average wholesale natural gas price, which increases from about 68¢/
million Btu in 1975 to about approximately $1.00/million Btu by 1980.
This price is then gradually escalated and more nearly approaches the
synthetic gas price, so that the average overall wholesale pipeline gas
price is $1.25/million Btu in 1985, $1.50 in 1990, $1.70 in 1995, and
approximately $2.00 in the year 2000. See Figure I-3.
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C. Outlook for Nuclear Energy

Present nuclear power stations use the uranium 235 fission reaction
as their source of energy. Uranium 235 is in limited supply. Hopefully,
an economical ''"breeder reactor' can be developed which is capable of
transforming the U?® isotope into a fissionable fuel at the same time
it is producing energy from the fissionable isotope. Much research and
development is going on within the AEC and elsewhere to develop a com-
mercial breeder reactor. A recent study concluded that '"... the differ-
ences between a breeder and present day converter reactors are more of
degree than of radically different operating principles. There is no doubt
of their practicality since operating prototypes for several different
breeders exist and large-scale versions are under construction in several

countries.''?

The importance of the breeder reactor may be realized when one
considers that only 0.7% of natural uranium is the fissionable U 2
isotope. The remaining 99.3% is useless in present reactors, but may
be converted and ultimately used in the breeder. Even more important
are the limited present U.S. uranium reserves; without the breeder reactor,
these reserves would only supply the expected nuclear generation load

for 25 years.’

Fusion reactors will produce energy from the fusion of light atoms,
deuterium or tritium, to produce helium. Research in this area has
progressed to the point where the problems of maintaining the reactants
at extremely high temperatures, about 100 to 500 million degrees centi-
grade, can be clearly defined, but have by no means been solved. Nobody
in the business is talking about a development period of less than 20
years. Although some energy from fusion reactors is released in the
form of high-energy charged particles, useful for producing electricity
directly, most of the energy will be produced as heat by the absorption
of neutrons in the thermal blanket; thus, the normal Carnot cycle limita-
tions are to be expected. Fuel supplies for the fusion reactor are vir-
tually unlimited, as there is enough deuterium in 1/2 cubic mile of

seawater to produce all the energy used by man to date.*
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Perhaps the most critical obstacle currently facing the development
of nuclear power stations is the concern over their environmental effects
and the resultant difficulties in finding suitable sites for them. Because
nuclear plants are rather less efficient than fossil plants and consequently
reject more of their waste heat into cooling water streams, the thermal
pollution problem of nuclear plants has been stressed. Since the optimum
generating capacity of nuclear plants is likely to be larger than that of

the fossil plants, local thermal rejection loads will be very high,

In addition, serious concerns have been expressed over the inherent
safety of nuclear power stations. Although no nuclear accidents have oc-
curred, a strong body of opinion opposes the construction of nuclear plants
at all, and an even stronger body of opinion holds that such plants should
not be sited in densely populated areas. Needless to say, these opinions
are not shared by the Atomic Energy Commission, which, nevertheless,

may be forced to give way to public opinion.

The problem of disposal of radioactive wastes from nuclear fuel re-
processing is another controversial issue that can slow down the rate at
which new plants are licensed. This factor, however, seems to have

little bearing on the siting of future plants.

Selection of sites and the subsequent approval of operating licenses
for today's plants have presented as many problems as to create a lag of
at least 2-3 years in the planned installation program, and are expected
to get worse unless remote or offshore locations are selected. The im-
portance to this study of this expected trend in nuclear plant size and
location will become clear when we consider the allied problems of mov-

ing the energy to the load centers.

D. Outlook for Solar and Other Energy Sources

In comparison with nuclear and fossil fuel energy research, develop-
ment of solar and alternative energy sources is proceeding at a very low
level of effort; thus we have not concerned ourselves with these sources
in this study. Two important observations can be made, however:

a. A growing tide of public opinion favors attempting to exploit solar

energy rather than face the environmental risks thought to be associ-
ated with nuclear power.
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b. Solar, wind, and tidal energy sources are available only periodically,
and are geographically limited. Because of this, any utilization sys-
tem for these energy sources must incorporate an economical trans-
mission and storage capability. The importance of this observation
to this study will become clear.

E. Trends Toward Electric Energy Use

In the U.S., total electric energy generation is growing at a consid-
erably more rapid pace than the overall consumption of energy. In other
words, we as a nation are not only using more energy each year, but
we are using a greater proportion of it as electricity. This trend is
clearly illustrated in Figure I-4, which shows historical data and forward
predictions made for total energy consumption and total electricity

generation.

Clearly, forward logarithmic projections made in this way must be

3*

inaccurate,” but we know of no better way to forecast these figures. One

can draw the following conclusions from these data:

a. The present trend in the U.S. is toward greatly increased use of
electricity.

b. The proportionately larger increase in the use of electrical energy
implies a relative loss of importance of oil and gas in the ultimate
energy market.

c. The high future growth rate of electric power will be encouraged
because nuclear power, at present synonymous with electric power,
will be used to fill a large portion of the overall energy demand
growth in the future.

We believe that these conclusions are probably wrong because it is
not at all clear that the ultimate user of energy really prefers to receive
all of his power requirements as electrical energy. At present, only
about 15% of the U.S. energy use is as electric power; the remainder is
the direct combustion of fossil fuels by the ultimate user. A ratio ap-
proximating the present situation can be maintained for the benefit of the
consumer by providing more energy in the form of a combustible fuel

rather than taking up the increase with electricity.

* :
Inaccurate because ultimately the lines cross over, which is

meaningless.
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In making our analysis of the cost of electricity we used the bus-bar
cost of electricity as being most closely analogous to the city-gate price
of gas and the wholesale price of o0il and coal. Data presented by
Electrical World in its 16th and 17th Steam Station Cost Survey'® were

used to provide the basis for current fossil fuel power plant bus-bar
costs. These data show that the bus-bar generating cost of a selected
number of large, modern fossil fuel power plants reached a minimum in
about 1966 and increased by 1968 to 6.04 mills/net kWhr. A steep upturn
is noted in the following 2 years,!® reaching 7.20 mills/net kWhr by 1970.
This is approximately $2.11/million Btu.

The cost of bus-bar electricity from a nuclear power plant was also
projected. A capital cost of $300/kW was used for 1970 and escalated
at approximately 2-1/2% /yr. Nuclear fuel costs were assumed to remain

constant at 1.5 mills/kWhr.

Since some difference of opinion exists as to the projected prices of
nuclear fuel, we have chosen to use a constant fuel price that, by the
year 2000, will amount to only 10% of the total bus-bar cost and that is
not a large factor in the relative energy costs which are being compared
in this analysis. Under this assumption, we project that in 1975 and
beyond, the bus-bar cost of nuclear power will be less than that of fossil
fuel power, primarily because nuclear generating plants are not subject
to the same sharp escalation in fossil fuel costs that we are currently
experiencing in oil and coal and because they do not require the addi-

tional sulfur-removing facilities,

Our projections for bus-bar nuclear electricity prices are incorpor-

ated in Figure I-3,

F. Trends in the Electrical Generation and Transmission System

Base-load electricity generating stations are tending to use bigger
units, with overall plant capacities in the 1000-2000 MW range becoming typ-
ical. It is forecast that nuclear plants will be optimized in even larger
sizes (e.g., the Quad Cities Plant of Commonwealfh Edison Company and
the Iowa-Illinois Gas and Electric Company, due to operate in 1972,
is 1600 MW, and the Greenwood Energy Center plant of Detroit Edison
Company, due to operate in 1979, is 2300 MW). Fusion plants will prob-
ably be upward of 10,000 MW in a single unit. Because of the size of
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modern plants, with the associated problems of fuel supply and waste-
heat removal, a trend has developed to install them at locations optimized
for cooling, and for fuel supply in the case of fossil fuel stations, rather
than close to the load center. This implies longer transmission distances
for the power produced. Suitable sites for power stations of all types
are becoming difficult to find. Offshore locations are proposed, and mod-
ular floating power stations are being designed by Westinghouse Electric

Corporation and Tenneco Inc.

Because of the larger sizes of base-load plants and the lead time
required for their comnstruction, the popularity of the smaller "peaking''
units has risen. These units are usually modular collections of engine-
driven generators that are located close to the load centers and capable
of operating on short notice. Because such units are cheap to build and
expensive to operate, they are only used for peaking duties. This trend

toward the use of peaking generators is expected to continue.

As a result of the rapidly increasing electrical demand and the trend
toward remote, large base-load stations, transmission line length and
capacity in the U.S. have been growing and are expected to continue to
grow. As the 'blocks of power'' have become larger and distances have
increased, the use of higher transmission voltages has also become de-
sirable. From the 230-kV lines first used to transmit power, we now
have a family of transmission voltages of 230, 345, 500, and 765 kV
each with progressively lower costs per unit of energy transmitted, but

requiring larger blocks of power for transmission.

Very long distance transmission over a-c lines results in unaccept-
able impedance losses so that d-c lines have been considered. To date,
only one long, overland d-c line has been constructed, from Oregon to
southern California, but more are expected once this first one has proved

itself.

Very considerable resistance is mounting to the construction of over-
head power lines. Duplication of lines along the same right-of-way results
in the appearance of ''wire-scapes' similar to Figure I-5, with the ob-
vious reaction from land conservationists. In 1972, we saw the first
refusal of a construction permit for an overhead transmission line! on

esthetic grounds. We also observed several legal steps concerning the
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use of overhead electric distribution. New York State!'now prohibits the
supply of electricity to new multifamily dwellings (four or more) by over-
head cable, while California’has prohibited the use of overhead distribu-
tion lines within sight of state scenic highways. These are examples of
pressures being applied to the electric industry to ''go underground."

The cost of underground cable is very high (estimated by the Federal
Power Commission to be from 10 to 40 times the cost of overhead lines
of similar capacity), although much development work is going on to re-

duce the cost. The status of this technology will be discussed in Section X.

In summary, the trend is toward larger base-load plants with corres-
pondingly larger transmission lines. The plants will be located remotely
from load centers, wherever suitable locations can be found for cooling.
Public opinion will try to force undergrounding of transmission and dis-

tribution lines, but the enormous extra cost involved will act against it.

G. Need for Energy Storage

In the use of fossil fuels, we use the fuels themselves as a convenient
means of storing energy until it is needed. In the gas industry, the need
for energy storage on a very considerable scale has been recognized be-
cause it allows the production and transmission facilities to operate at a
fairly even rate while the customers are supplied at a rate that fluctuates
widely on a 24-hour cycle, a weekly cycle, and a seasonal basis. Because
of the impact of energy storage on the load factor of the transmission

system, storage close to the load center is desirable.

On the other hand, large blocks of electric energy can be stored
only as unconverted fuel — that is, the fuel that is burned to produce
electricity in the first place. This means that both the generating and
transmission facilities have to be sized to cope with the maximum demand
rather than the average demand. In an attempt to alleviate this problem,
several schemes for storing energy close to the load center have been
investigated. The only one that appears economically promising so far
is the pumped-hydroelectric system, which is further discussed in Section
X. Suitable sites at which pumped hydroelectric stations can be built

are strictly limited in number and in capacity.
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H. Need for Synthetic Chemical Fuels From Nonfossil Sources

The development of nonfossil energy sources is following a course
aimed at converting these energy sources into electricity. This is true
of the nuclear breeder, nuclear fusion, and solar, wind and tide, and
geothermal energy in general. Nuclear stations are most economical if
they operate at a constant power level, while solar, wind, and tidal sta-
tions will operate intermittently, Since our need for energy is concentrated
in local areas and is on a periodic basis which does not conform to the
periodicity of the intermittent sources, storage and transmission must
be available. We are accustomed to using fossil (chemical) fuels as
energy storage and transportation media. Thus, a synthetic fuel is needed
that is made from a nonfossil energy source that would be easy to store
in relatively large quantities and that would be easy and cheap to trans-

port to wherever its energy is required.

In the special case of nuclear energy, with which we are concerned
in this study, the only alternative to a synthetic chemical fuel is a com-
plex electrical transmission and distribution system, sized to carry the
peak, rather than the average load, coupled to a series of large nuclear
generating stations also sized to deliver peak consumption demands, since

electrical energy cannot be directly stored in large quantities.

A synthetic chemical fuel can be stockpiled to ensure against tem-
porary shutdown of the power stations. It can be moved to wherever it

is needed to take care of local irregularities in demand.

I. Alternative Synthetic Fuels

The primary criterion for a synthetic fuel is that, given unlimited
energy, it must be available in unlimited quantity. It must therefore be
synthesized from abundant materials, which by definition within this study
excludes the fossil fuels. A secondary criterion, but almost as important,
is that it should be capable of being used (burned) without the production
of a noxious effluent, and a third is that the products of combustion must
be assimilated into the enviromment at the point of use, without having to

be recycled to the generating station.,
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To meet these criteria, we can only consider using the components
of the atmosphere and the oceans as sources in order to carry out the
return cycle. It may be possible to consider carbon dioxide, which is a
low-concentration component of the atmosphere (0.4%) as a source of
carbonaceous fuel, but it is more realistic to consider only oxygen, ni-

trogen, and water.
Typical synthetic fuels that can be made from these materials are —

¢ Hydrogen (from water)

¢ Ammonia (from hydrogen and nitrogen)

e Hydrazine (from ammonia and nitrogen)

e Methanol (from hydrogen and carbon dioxide)

e Other hydrocarbons (from hydrogen and carbon dioxide)

Notice that all of these fuels require the production of hydrogen. Thus,

large-scale hydrogen manufacture will be required in any case.

J. The Case for Hydrogen

Hydrogen is the easiest of the synthetic fuels to make, and all the
other candidates require the previous production of hydrogen. Thus, if

we can use ''plain'' hydrogen, it would be preferable. Hydrogen is the

cleanest of all fuels, producing only water vapor as a combustion product:

It is impossible to form carbon dioxide or monoxide, solid particulates,
or hydrocarbons by the combustion of hydrogen. Nitrogen oxides forma-
tion, due to the heating of air in the flame, can be suppressed by lower-
ing the combustion temperature. Hydrogen is much in demand as a
chemical raw material. A large portion of today's natural gas market
goes toward the production of hydrogen, so this would be a natural

"product'' for tomorrow's gas industry.

The amount of water required for electrolysis is only 0.2% of the
cooling water requirement of the power station, and the process of mak-
ing hydrogen from water at the power stations and of burning it at the
load centers can have only an insignificant, temporary effect on the en-
vironment because of the abundance and high mobility of water in the
earth's crust. Figure I-6 shows a comparison of the present fossil fuel
cycle, which takes millions of years to complete and results in environ-

mental pollution at one end and resource depletion at the other, with the
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proposed hydrogen fuel cycle, which can be completed rapidly and cannot

cause either environmental damage or resource depletion.

Hydrogen will be easy to use as a fuel. Apart from its nonpolluting
advantage already mentioned, which eliminates the need for flues in many
appliances, it is easily ignited and burns smoothly and evenly in properly
designed open-flame burners, both on a small, domestic scale and in
large industrial-size furnaces. Moreover, hydrogen is particularly suited
_ to catalytic oxidation, for which a flameless heating source can be con-
ceived, which should be admirably suited to space heating and other pur-
poses. Hydrogen has been used to power reciprocating and gas turbine
engines of conventional design and does so extremely well; hydrogen-
oxygen fueled steam generators can be built at a size and cost that com-

pare very impressively with conventionally fired burners.

Hydrogen is clearly the favorite contender for the fuel of tomorrow.
However, hydrogeh can also be considered as the ultimate fuel of today's
fossil age. Today, hydrogen is made from natural gas in huge quantities.
It can be made from coal and oil; indeed, it is as cheap to make hydrogen
from coal as to make methane from coal. Hydrogen thus offers the
prospect of a bridge from the fossil fuel age to the nuclear power age.
Thus, today we could think about converting our energy system to a hy-
drogen base, feeding it with fossil fuel hydrogen, and, over the next
century or so, phasing out fossil fuels and phasing in nuclear power. If
and when we harness solar energy, nuclear fusion, and other energy
forms, they could all be integrated into the hydrogen system. The beauty
of this concept is that the energy user will be able to develop his end use
of energy steadily, without interruption, and independently of the radical

changes that will inevitably be made in the ultimate energy sources.
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II. A '*SCENARIO' FOR THE HYBROGEN ECONOMY

A. Introduction

In this section, we attempt to prophesy. In the words of Alvin Toffler

author of Future Shock, 'In dealing with the future, it is more important

to be imaginative and insightful than one hundred percent right.'"' He uses
as an example the early mapmakers, who by today's standards were hope-
lessly inaccurate, but without their maps, the New World would not have
been discovered.

' Not to be taken as an accurate

This section then is such a ''map.’
forecast, it should nonetheless prove valuable for planning purposes. This

is the ''scenario' technique of technological forecasting.

To attempt to draw up a system plan for a nationwide hydrogen energy
system would be as difficult as attempting, back in 1945, to draw 1971's
natural gas transmission line map and put throughput numbers against

each line.

To paint the picture, we have assumed a time about 30-50 years
hence when there will be a growing, comprehensive hydrogen transmis-
sion and distribution network. Fossil fuels will still be very much in
the picture, but we will be preparing to phase them out by the increasing
use of nuclear energy. Solar power will be beginning to come onto the

scene,

B. Sources of Hydrogen

In the "Hydrogen Economy,' hydrogen will be produced at large
generating stations operating on nuclear energy. Because of thermal
dissipation problems, these nuclear power stations will have to be sited
in open country or on shorelines where deepwater cooling is available.
Many of these stations will probably be on offshore floating platforms, as
already under serious study by Westinghouse-Tenneco.? Those power
stations that can be located relatively close to the cities will produce

electric power.

Within 30 years, the earliest large-scale hydrogen production plant
will have been built to operate on coal, oil shale, or heavy oil to provide
commodity hydrogen delivered in pipeline systems to industrial users. A

second development will have been the incorporation of off-peak hydrogen
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production plants into both fossil fuel and nuclear power stations. As
the use of hydrogen becomes more widespread, the first generation of
nuclear plants designed for the exclusive production of hydrogeh will ap-
pear. It will use electrolyzers operating from steam-driven d-c gener-
ators. The second generation of nuclear-hydrogen plants will use the heat
from the nuclear reactor directly to decompose water in a multistep
chemical process that will be more efficient than the combination of elec-
tricity generation and electrolysis. The growing market for hydrogen,
for use as a fuel, will have encouraged the development of production

plants of all the types described above.

As new technology develops to harness solar and other energy sources,
they will also be integrated into the hydrogen production and pipeline

network. 2

C. End Uses of Hydrogen

Hydrogen will be delivered by underground pipeline to all those users
of today's natural gas and to more besides. It will be used to generate
electricity onsite in locations where it is impractical to supply all the
electricity needs from the central generating station. Such generators
may be fuel cells or steam turbine stations of advanced design and may
be located on individual properties or in ''substation'' locations. By doing
this, it should be possible to meet tomorrow's greatly increased elec-
trical consumption (variously estimated at 8-10 times the present level
by the year 2000) without correspondingly large increases in the electrical

transmission capacity.

Hydrogen will be supplied to industry as a heating fuel and as a re-
ducing gas. In those many instances where today natural gas is used for
production of a hydrogen-rich atmosphere, hydrogen can be used directly.
For industrial process heat, hydrogen can be burned. In both applica-
tions, cleaner operation of the industry will be achieved. We can imagine,
for example, the steel, ceramic, and cement industries consuming large

amounts of fuel hydrogen.

Hydrogen is already a valuable raw material for the chemical indus-
try. It is used for the production of rubbers, plastics, drugs, detergents,

foodstuffs, etc., ‘usually in conjunction with petroleum or vegetable products.
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This use will continue. If synthetic liquid fuels become necessary to
drive our cars and airplanes, such compounds as methanol would be
ideal. The synthesis of such fuels could still use hydrogen as an

intermediate. °

Hydrogen can be used in the home to heat and to cook. Because of
the ease with which catalytic combustion takes place with hydrogen, rev-
olutionary changes are likely in the design of both space heating and
cooking appliances. Because of the nature of the effluent (only water),
flueless appliances may become practical and ''decentralized' heating may
become preferred, since a chimney or flue for each appliance will not

be necessary.

Hydrogen will find use as a transportation fuel if the problems of
handling it and storing it on a small scale are solved. Both piston and
gas-turbine engines operate well on hydrogen; it is possible to conceive
of vehicles and aircraft using liquid-hydrogen tankage or some form of

metal hydride as a ''fuel tank.'

D. Transmission, Storage, and Distribution

Hydrogen will be transmitted from the generating plants to the load
centers in underground pipelines similar to the natural gas lines used
today. Certain modifications in design, mainly associated with compressor
stations, will have to be made. Existing lines may not be situated in

the new, required locations, but where they are, they can be used.

Hydrogen will be stored, for seasonal and diurnal peakshaving pur-
poses, as a gas in underground systems and as a liquid in tanks. A
liquid-hydrogen plant may be operated on the line or as a satellite system

using road-tanker delivery.

Hydrogen will be distributed within an urban center in an underground
system just as natural gas is handled today. Certain modifications to
pipes and other equipment may be necessary, but much existing equip-

ment will be used.
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E. Interrelation With Electric Utility Industry

Because hydrogen will be generated at large nuclear plants, the
experience of the electric industry in planning and designing — perhaps
even operating — these plants would be useful. In the same way, the
experience of the gas industry in transmitting energy in gas pipelines
will be useful to the electric industry. Both industries will thus have a

common interest in the use of hydrogen.

F. Relative Costs of Delivered Energy

It is hard to predict what the cost of delivered hydrogen will be in
the future and equally hard to predict corresponding future costs of nat-
ural or synthetic gas or electricity. We can carry out an exercise using
today's prices, however, which is useful in making comparisons, and can

then project how these costs will change in the coming years.

Details of a calculation procedure used to derive comparative cost
figures for the gas and electric industry, and hence for the 'hydrogen-
energy industry,'' are given in Appendix II-A. This procedure is sum-

marized here, together with its conclusions.

The latest available statistics for both the gas and the electric in-
dustries in the same year are for 1970. For that year, we can determine
the average selling prices for gas and electricity for all customers in
the U.S. and can break down these prices into their components relating

to production, transmission, and local distribution of sales.

For the gas industry, the calculation is quite simple because the
production, transmission, and distribution companies' financial statistics
are reported sepa,ra‘cely.1 Using the total sales of gas to ultimate cus-
tomers, the revenues of the distribution, transmission, and production
companies, and the average wellhead price, we obtain the figures shown

in column 1 of Table II-1.

For the electric industry, however, no breakdown of overall financial
statistics into these three categories is available, but data published by
the Federal Power Commission® allow wus to carry out the necessary
calculations. Using the total number of kWhr sales to ultimate customers,
the industry's breakdown of operating costs between generation, transmis-

sion, and distribution, and apportioning the capital costs of the three
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Table II-1. RELATIVE PRICES OF DELIVERED ENERGY
(Source: 1970 Data From the FPC and A.G.A.)

Electricity Natural Gas Electrolytic Hydrogen
$ /million Btu

Production 2. 67% 0.17 2.95-3,23"
Transmission 0. 61 0.20 0.52
Distribution 1. 61 0.27 0. 34
Total 4. 89 0. 64 3.81-4, 09
* Equivalent to 9.1 mills/kWhr.
t Assuming power purchased at 9.1 mills/kWhr.
+

Assuming pipeline hydrogen at $3.00/million Btu used for compressor
fuel in optimized pipelines, compared to natural gas fuel at $0.25/
million Btu.

sectors in proportion to their relative capital investment, we obtain the
second column of Table II-1. The average generating cost, derived from
these figures, of $2.67/million Btu corresponds to 9.1 mills/kWhr.

This, at first sight, appears a little high when compared with figures of
6-7 mills being quoted for modern steam station costs. However, when
we realize that this figure includes all generation, even the older stations
only used in peak conditions, and all the gas turbine peaking units, it
appears reasonable — a view which has been checked out with and agreed

to independently by two major electric utility companies.

To estimate the comparative costs for hydrogen, we assumed the
existence of large electrolytic hydrogen generators as described in the
Allis-Chalmers and AEC reports reviewed in Section III., The operating
costs of these plants are highly sensitive to power costs. Instead of the
unrealistically low figure of 2.5 mills/kWhr used ‘by the AEC, we used
the 9.1 mills/kWhr power cost derived above to calculate a hydrogen
cost. We believe this cost to be pessimistically high for this appli-
cation. We then derived an average transmission cost for hydrogen
based upon the available statistics for natural gas transmission, in-
creasing the overall costs for natural gas transmission by a factor of
2. 6 times as derived in Section IV for the relative costs of optimized
hydrogen and natural gas lines of high throughput, using the increased

cost ($3.00/million Btu) of hydrogen fuel used for the compressors.
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This clearly is a very artificial number, for it assumes that the
hydrogen would be produced at the same locations as today's major gas
fields and that no extra pipeline capacity would need to be laid. In fact,
average transmission distances for hydrogen will almost certainly be far
less than average transmission distances for natural gas. Further cost
savings might be achieved by designing pipelines to operate at higher
pressures than now. Thus, the hydrogen transmission figures presented

here are probably pessimistically high.

Lastly, we calculated distribution costs for hydrogen, assuming that
all the commercial costs for this sector of the industry will remain un-
changed and that only the actual piping operating and depreciation costs
will go up. Because we are unsure what the real effect of hydrogen would
be, we arbitrarily doubled this portion of the cost, which we consider
to be pessimistically high. Even so, it makes only a small change in

the overall distribution cost.

These hypothetical costs for hydrogen are shown in column 3 of

Table II-1.

The most important thing we notice in this table is that the difference
between average transmission and distribution costs of natural gas and
electricity, which is in favor of gas transmission, still exists when we
look at the projections for hydrogen. We should bear in mind that the
gas transmission is underground, while the electricity transmission is
overhead.

Secondly, we observe somewhat surprisingly that even today we should
be able to deliver hydrogen energy to the average customer more cheaply
than we could deliver electricity: The savings in transmission and dis-
tribution more than make up for the extra cost of converting the electricity
into hydrogén. This favorable comparison does not hold if we factor in
the cost of reconverting the hydrogen to electricity at the user's end,
but there would be a large and ready market for hydrogen to use as a

heating fuel.

Electrolytic hydrogen at this price, however, would not find an
immediate market for many uses already met by natural gas as long as
natural gas is as cheap as it is. Thus, we may assume that, at these
1969 prices, it is not worth considering large-scale delivery of electro-

lytic hydrogen as a fuel. Hydrogen made from fossil fuels, especially
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from coal and heavy oil, would be very considerably cheaper than the
prices shown above and could well find an important place in a develop-
ing hydrogen transmission system, especially if we look ahead and commit

ourselves well in advance to widespread use of hydrogen fuel in the future.

Now let us project into the future. TUndoubtedly, all fossil fuel
prices, including that of natural gas, will increase because of the shortage
of supply. Our attempts (in Section I) to predict the prices of coal, oil,
natural gas, and synthetic gas for more than 10 years ahead are unreli-
able because we can have no accurate idea of the real availability of
these fuels in the U.S. that far ahead. We know that a) the users are
willing to convert from one fuel to another, as the relative prices change,
if enough notice is given; b) technology is developing that will enable
interfuel conversion on the part of the producer — for example, coal to
oil, coal to gas; c) exploration and production costs for oil and gas are
increasing because all the ''easy'' fuel has already been extracted;

d) productivity per man in the coal industry is falling because of recent
safety legislation; and e) an enormous capital investment must be made

in the coal industry to increase production rates to the required levels.
All of these factors will increase the price of fossil fuels. Since most
electricity is produced from fossil fuels today, it will inflate in price at
a corresponding rate. However, today's insignificant 1. 6% of electricity
generation from nuclear sources is expected to grow very rapidly, to
over 25% in the next 30 years. If the production of electrolytic hydrogen
is accepted, a growth of nuclear power at many times this rate is an-
ticipated. Nuclear power is not severely resource-limited, once the
breeder reactor becomes economical. There is adequate government-
funded R&D going on to ensure this. Thus, although nuclear breeder
electricity generating costs are predicted to be at least as high as today's
base-load fossil fuel electricity costs (6-8 mills/kWhr), they shouid not
escalate because of a decrease in fuel supply. Similar considerations
apply to the fusion reactor — if and when they are developed. The oper-
ating cost of fusion reactors will be extremely small compared to their
capital costs, so electricity costs should remain in line with the prevail-
ing costs of capital amortization, and not be subject to increase because

of fuel shortage.



The costs of transmission and distribution will increase for both gas
and electric energy because both are sensitive to manpower costs. Since
overhead electric transmission requires a great deal of maintenance, its
cost will escalate even faster. Underground electric transmission, pro-
hibitively expensive today, will become cheaper if superconducting cables
are developed, but will always be more costly than overhead, and will

thus be far more costly than underground gas. (See Section X.)

We can predict then, that the average price of delivered natural gas
will climb steadily, at a rate greater than inflation rates. Synthetic gas
from coal and oil will join this upward climb as their resource bases
become depleted. Nuclear-based hydrogen should escalate in price only
at normal inflation rates, as there will be no resource limitation. We
cannot predict at what time hydrogen will become economically competi-
tive with natural gas because too many independent and unforecastable
factors are at work. Perhaps the most important factor will be the en-
vironmental benefits to be gained from the use of a completely nonpollut-

"invisible' underground pipelines. No dollar

ing fuel, transmitted through
value can possibly be assigned to these benefits, but there are plenty of
precedents for actions that cannot be economically justifiable being taken

in order to achieve a situation desirable to the populace.

G. Projected Scale of Hydrogen Production

The concept of a hydrogen-energy system replacing the present fossil
fuel energy system requires the production of hydrogen on an unprece-
dented scale. Because the nation's energy demands are rising rapidly and
the split between electrical and nonelectrical energy demands is changing,
it is difficult to carry out meaningful forecasts of the amount of hydro-
gen required. To meet the projected needs of the U.S. over the next
30 years, an increase of electrical generation capacity of from 8 to 10
times present levels is predicted. If, in addition to this, there are fur-
ther economic incentives to switch from the direct use of fossil fuels to
electrical energy, even greater increases of electrical plant capacity will

be necessary.
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To arrive at some figures required to indicate the necessary scale
of hydrogen manufacture, we have considered the case in which today's
natural gas energy supply is replaced by hydrogen. This still leaves the
remainder of the present fossil fuel supply — oil and coal. Such an ar-
bitrary division is, of course, hypothetical and only serves to illustrate
the scale. We shall see that the magnitude of plant investment and con-
version is of the same order, or greater, than that involved in installing

coal gasification equipment.

How much hydrogen would have to be made if the whole U.S. gas
industry were to operate on synthetic hydrogen rather than natural gas
or manufactured pipeline gas? The U.S. now produces about 22 trillion
CF of gas per year. This gas has an energy content equivalent to a
steady electrical load of 730, 000 megawatts. About 20% of today's gas
is used for electricity generation, but we can safely assume that the
nonelectric demand for gas 20 or more years from now will be at least
equal to today's total demand. This means that the supply of hydrogen
having a total energy comntent equal to today's natural gas supply (68
trillion CF/year of hydrogen) would require a nuclear energy generating
capacity of between 0.7 and 1.0 million megawatts if hydrogen genera-
tion were at a constant rate year-round and significantly more than this

if a load factor other than 1,0 is assumed.

In comparison, the 1970 total U.S. electricity generation of 1638
billion kWhr corresponds to a steady load of '"only' 0.19 million MW,
To provide this load, the electricity industry had a total generating
capacity of 0.36 million MW, In other words, a complete change from
today's gas supply to an equivalent electrical supply would require a six-
to tenfold increase in electricity generation. The electricity demand in
the U.S. is already rapidly increasing at a growth rate ranging from 6
to 9% /yr over the past 10 years, representing a doubling time of about
7 years. Thus, to provide 1970's gas energy as electrical energy, we

would use the entire generating capacity planned for 1990,

To provide for both the present predicted expansion of electrical
demand and the replacement of gas energy, the electrical industry will
have to double its capacity every 5 years, corresponding to about a 15%

growth rate. These figures apply whether or not we consider a ""Hydrogen
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' If we begin to replace our fossil fuel energy supplies by

Economy."'
nuclear electric supplies, we have to expand the electric industry at this
kind of rate. The figures are conservative; they do not take account of
the share of the energy supply currently obtained from oil or coal, nor

do they consider the realistic expansion of gas energy demand.

"overnight'' switch from a fossil

Clearly, we cannot expect a rapid
fuel economy to. a nuclear hydrogen economy, but the scale of electrical
plant installation necessary will clearly require years of planning and
construction. We have serious concern over the availability of capital
for the necessary plant construction and anticipate that very serious plant
siting problems will arise for the numbers necessary. Nevertheless,
power stations or other energy plants will have to be installed on this

scale in the future if we are to use energy at even today's rate, whether

or not we choose to use hydrogen as our energy-delivery means.

To take care of peak demands, the installed generating capacity in
the U.S. is about 50% greater than the average year-round electrical
load. With proper planning and design, this off-peak generating capacity
could be used to produce hydrogen for storage. We could already con-
sider feeding this into our gas supply reservoirs mixed with methane.

In the long run, with an all-hydrogen fuel system, the storage capability

of hydrogen will have a marked effect in reducing the amount of ''redundant”

generating capacity required.

Another way of looking at the scale of hydrogen generation operations
is to consider the size of present electrical generating plants. A typical
"large' power station has a capacity of about 1000 MW. Larger plants
of 2000 MW have been constructed, especially in Europe, and plants of
4000 and 5000 MW are projected for the future. The trend in the U.S.
has been to construct many plants in the 500-800 MW range. Present
technology limits the capacity of a single generating machine to about
1000 MW (e.g., '"Big Allis" in New York), but most power stations use

multiple generators.

Let us assume, then, a ''typical' power station size of 1000 MW,
To provide today's gas energy demand we will need between 700 and
1500 extra power stations of this size! Again, whether or not we use

hydrogen as a delivery means, if nuclear energy is to take the place of
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fossil energy to any reasonable extent in the future, huge numbers of
power stations will be needed. The cooling loads on nuclear stations
alone will restrict their siting to remote coastal or offshore areas, in-

creasing the transmission distance to the load centers and making the

cheaper hydrogen transmission method more attractive. A 1000-MW

nuclear power station providing the whole of its electrical output to a
"perfect'' water electrolyzer will produce 310 million SCF/day of hydrogen
with a fuel value of 100 billion Btu/day.

Thus, if the whole U.S. gas industry were to operate on synthetic
hydrogen, 68 trillion SCF/year of hydrogen would have to be made. This
would require about 1.0 million MW of electricity, or an increase in
the present plant capacity of over 6 times, just to maintain the status
quo of 1971. Increases of generating plant capacity of this scale are
inevitable and are already forecast by the electricity industry over the

next 20 years or so.
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Appendix II-A. Comparison of Energy Transportation
and Distribution Costs

A. Summary

Using 1970 figures wherever possible, we have derived the relative
costs for the transmission and distribution of gas and electricity. The
sources of data used were confined to publications of the Atomic Energy

Commission, 2 Federal Power Commission, 375 or A.G.A.'s Gas Facts.'

Two approaches were made: One was to take the overall industry
composite income accounts, which show breakdowns of operating expenses
by classes of production, transmission, and distribution and relate these

costs to the amount of energy sold to ultimate customers. This gives

inclusive industry costs of production, transmission, and distribution of

energy — including returns to stockholders and payment of taxes. The
other approach was to relate the actual cost per mile of long-distance
transmission equipment installed in 1970 to the energy-carrying capacity
of the system. This gives a comparison of the cost of installing trans-

mission facilities.

The cost of generating hydrogen from electricity and the cost of
transmitting and distributing hydrogen were derived by combining the
natural gas and electricity figures obtained above with data published by
Allis-Chalmers and Oak Ridge National Laboratory? in 1967. We made
three assumptions of our own: One was that technological improvements
that we can foresee will reduce the cost projected by Allis-Chalmers for
an electrolyzer plant by a factor of between 0 and 1/2. Another is that
the cost of transmission of hydrogen will be greater than that for natural
gas, by the factors derived by Von Fredersdorff.® We have modified
his numbers to account for an increased cost of hydrogen used as com-
pressor fuel. Owur third assumption is that, because of additional safety
requirements, both the operating and installation expenses for distribution
systems will be doubled. We assumed that all other costs, including
commercial costs, taxes, returns to stockholders, etc., would be un-

affected by a change to hydrogen.
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The comparative cost, or, more accurately, ''price' figures derived

are shown in Table II-1 of Section II and Figure II-Al of this appendix.

60
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o
~
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A-61526

Figure II-Al., RELATIVE COSTS OF INSTALLING

ELECTRICITY AND GAS TRANSMISSION FACILITIES
The prices of delivered energy given in Table II-1 include fuel, mainten-
ance, and administration expenses, depreciation, all taxes, and profits.
For the electric utility industry, we have taken the FPC published break-
down of operating costs for the three categories of production, transmis-
sion, and distribution and have allocated the depreciation, taxes, and
profits in the proportion of plant investment in these categories. The
gas industry figures are also inclusive of taxes and profits, as they are

derived from overall operating revenues of the three sectors of the industry.
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B. 1970 Gas Costs

Average production, transmission, and distribution costs were derived

from published tables in 1971 Gas Facts,! which presents 1970 data.

"Production" cost is obtained directly from the wellhead price. ''Trans-
mission' cost is obtained by difference from the revenue of the pipeline
companies, less the price which they paid for the gas at the wellhead.
"Distribution'' cost is obtained by difference from the total revenue of
all gas utility companies, less the price paid to the pipeline companies.
The data are shown in Table II-1A., Lines f, i, k, and 1 are used for
Table II-1.

C. 1970 Electricity Costs

The Federal Power Commission statistics show revenues, operating
costs, and investments of the electricity industry broken down by classes
of production, transmission, distribution, customer accounts, sales, and
administration. Table II-A2 shows how we adjusted the operating cost
figures to relate to revenues from ultimate customers instead of gross
revenues, and how the fixed operating costs were then reallocated to pro-
duction, transmission, and distribution in the ratio of total investments.
Table II-A3 shows how the operating costs and reallocated fixed costs have

been summed for each category.

In Table II-A4, the fixed costs relating to customer accounting, sales,
and administration have been reallocated to production, transmission, and
distribution in the correct proportion, and in Table II-A5, operating cost
of administration is also reallocated, while the operating costs of cus-
tomer accounting and sales are added completely to ''distribution.' This
gives a breakdown in Table II-A6 of total operating costs, classified into

three categories only: production, transmission, and distribution.

From the figures in Table II-A6, we see that the production cost
of electricity appears as 0.91¢/kWhr, while the FPC average figure for
generating cost is 0.4764/kWhr. Reference 4, Table 21, shows that the
0.476¢/kWhr is obtained by dividing the direct operating expenses of
production only by the total energy sold; this does not include the re-
allocation of investment costs and administration costs as we have carried

out above. This accounts for the discrepancy between these figures.
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D. Adjustment of Gas Transmission and Distribution
Costs for Hydrogen

Data from A.G.A. Gas Facts' show operating expenses and plant
investments of the gas industry, broken down into categories of produc-
tion, storage, transmission, distribution, customer accounts, sales,

administration, and depreciation.

In Table II-A7, the expenses of depreciation were allocated to the
operating expenses in the ratio of the investment amounts, so we arrive

at a total operating plus depreciation cost for transmission and distribution.

Notice that the figures derived in Table II-A7 for operating costs
are considerably less than the costs shown in Table II-Al, lines h and j,
because they do not contain such items as return to investors and Federal
taxes. We consider that a changeover to hydrogen would not affect these

other costs at all.

Because of the combination of hydrogen's lower heating value (325
Btu/SCF compared to 1033 Btu/SCF for natural gas) and its different
physical properties, we have modified the compressor cost and pumping
energy for hydrogen, based on Von Fredersdorff's calculations® for a
500-mile, 20-inch pipeline. While Von Fredersdorff used a value of
$ 0. 75/million Btu for the cost of hydrogen used to drive the compressors,
we have modified his calculation, using a $ 3. 00/million Btu figure for
hydrogen, based on the electrolytic production cost derived in Table

II-Al2,

In the distribution networks, it is possible that safety limitations
will require a ''pipe-within-a-pipe"” concept. This is a pessimistic
assumption, and results in doubling both operating and depreciation
costs. We have therefore increased these costs by a factor of 2.0.
These conversions are made in Table II-A8. Lines Z and DD from
this table have been used for Table II-1.
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E. Cost of Installing Electricity Transmission Equipment

The FPC 1971 report, Transmission of Electric Power, ® provides

data on the actual installation cost, including right-of-way of EHV power
lines built since 1969. We took the 500-kV line figures and disregarded
one line built in urban areas, which was outstandingly high in right-of-
way cost (thus giving a benefit to the electricity cost figures because it

is in these urban areas that they are really in trouble in acquiring rights-
of-way). Within the text of this report, we found references to the typ-
ical power transmission capacities of these EHV lines, relative costs

and capacities of d-c overhead lines, and relative costs of underground
EHV lines. We also found reference to typical substation costs. These
values allowed us to derive generalized costs for various power trans-

mission systems.

From the figures derived in Table II-A9, the plot of Figure II-Al
was made, assuming that the d-c and 500-kV a-c lines need two terminals,
regardless of length, and that the terminal costs of underground lines
are equal to a-c terminal costs. Note that these figures apply only to
long-distance bulk power transmission, averaged over the country, and
not to local distribution, which is much more expensive and is built
underground in larger proportion. The average transmission distance

in the U.S. is about 200 miles.

F. Cost of Installing Gas Transmission Equipment

The FPC report, Cost of Pipelines and Compressor Station Construc-

tion in Fiscal Year 1970,% shows the actual costs of installing various

types of pipeline and compressors, including land and rights-of-way. We
used the data for a 30-inch pipeline. The typical energy transmission

capacity of a 30-inch pipeline was obtained from a Pipeline Industry

article, and typical compressor station spacing and horsepower were ob-

tained from the Gas Engineers Handbook.

We derived the combined cost of compressor stations and pipelines
in terms of ¢/mile for unit transmission of energy. These data are de-

rived in Table II-Al0, and are then plotted as a line in Figure II-Al.
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For hydrogen transmission, we have assumed that the increased
capital cost factor for hydrogen over natural gas also held true for the
30-inch line analyzed above. We applied this factor to the cost of a
natural gas line in order to obtain the cost of a hydrogen line. These

data are also derived in Table II-Al0,

G. Cost of Production of Electrolytic Hydrogen

Table II-All shows the derivation of data for the cost of electro-

lytic hydrogen. The Allis-Chalmers report to Oak Ridge National Laboratory?

gives its estimates of the cost of constructing a large-scale hydrogen
electrolyzer plant, based on 1966 technology. We have increased this
cost estimate to allow for a return on investment and to pay Federal
income taxes, as these were not included in the original Allis-Chalmers

calculations.

Allis-Chalmers' calculations® assumed an operating efficiency of 85%.
We believe that by increasing the operating temperature, efficiencies ap-
proaching 100% are achievable, and this has, in fact, been demonstrated
in the Allis-Chalmers Laboratory. We therefore used an optimistic, but
we feel realistic, 100% electrical efficiency figure. The Allis-Chalmers
cost assumed that half the plant cost was in a-c to d-c rectification
equipment. We feel that this cost, and also that of the remainder of
the plant, is high by a factor of up to 2.0 times, if 1980-1990 technology
is assumed. However, because of the uncertainty of this assumption, we
used a spread of data covering Allis-Chalmers' original costs, reducing

these by half.

Table II-Al2 shows how we obtained costs of. electrolytic hydrogen.
We added the plant cost, expressed in terms of the hydrogen output, to
an assumed figure for the cost of electricity. We took as our electricity

generation cost 9.1 mills/kWhr.

The data from Table II-All were used in Figure II-Al as the ''terminal
cost'" for hydrogen transmission lines. One terminal per line was assumed,
so that energy is delivered to the end point in the form of compressed
hydrogen, not as electricity. Using the spread of data for terminal costs

and the slope of the line, the derived pipeline cost from Table II-A1l0,
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the shaded area in Figure II-Al, results., The data of lines nn and oo

in Table II-Al2 are used for Table II-1.
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. HYDROGEN PRODUCTION

A, Introduction

Hydrogen is produced in huge quantities today for use as a major
intermediate in chemical and petrochemical manufacture. Between 1960
and 1968, the total U.S. hydrogen production rose from 722 to 2280
billion CF/yr. Only about 5% of this quantity was sold as hydrogen,
the remainder being consumed, for example, in the manufacture of such

chemicals as ammonia and methanol.

Today by far the major proportion of this hydrogen is made from
natural gas by reaction with steam and some oxygen or air., Where
large quantities of hydrogen are needed, it is more economical to build
a natural-gas- or oil-fed hydrogen plant onsite than to become involved

with storage or transportation of hydrogen.

These generalizations, however, are by no means universal; in sev-
eral instances where alternative means of hydrogen production are involved,
economics dictate remote siting of production and use facilities. For
example, at several locations where cheap hydroelectric power is avail-
able, very large electrolytic hydrogen plants exist. Also, several hy-
drogen users in the Houston area purchase bulk hydrogen from an under-
ground pipeline system operated by Air Products & Chemicals, Inc.,
from a central natural-gas-fueled plant. Almost every power station in
the country requires a small but reliable supply of hydrogen as a coolant
for the generator. Hydrogen is chosen because its low viscosity decreases
"windage'' losses inside the generator. This hydrogen is usually provided

by an onsite electrolyzer.

Thus, even today, when cheap natural gas is almost universally
available, alternative sources of hydrogen are sometimes justified.
Basically, however, there are only two prime sources of hydrogen in
the enormous quantities required for our "Hydrogen Economy'': One is
from fossil fuel hydrocarbons, which can be ruled out as an indefinitely
economic source in the ''muclear age,'" and the other is from water.

Half of the hydrogen produced from steam reforming of methane is really

derived from the water (or steam).
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Water can be split up into its elements, hydrogen and oxygen, with-
out the use of fossil fuels by the injection of an amount of energy equal
to the combustion energy of hydrogen. This can be achieved in three

ways:

1. Electrolytically
2. Thermally

3, Thermochemically

The first process is relatively simple and provides automatic separ-
ation of the products; however, it requires electrical energy for operation.
But the generation of electrical energy from nuclear fission is, by today's
technology, an inefficient process: The best nuclear power stations oper-
ate at about 33% thermal efficiency. Thus, even though we have avail-
able the technology to obtain electrolytic hydrogen, its overall efficiency

is low.

The second process requires very high temperatures and results in
the formation of a mixture of hydrogen and oxygen that will recombine
as the temperature is lowered. It appears to be an impractical process
for hydrogen prodﬁction, although some schemes to make it operable have

been proposed recently. 8

In concept, the third type of process is a series of two or more
chemical reactions by which water reacts with an intermediate to form
products that may be thermally decomposed a) to produce hydrogen and
oxygen in separate reaction stages, and b) to regenerate the original in-
termediate compound. In this way, the thermal energy of the nuclear
reaction can be made directly available to the process, and the separa-
tion of the hydrogen and oxygen products can be achieved. No technology
is in practical operation today for a process of this type, but the concept
holds out the promise of ''thermal water-splitting' at a higher practical

efficiency than the overall electrical route and is therefore worthy of study.

Our study explores the technical and economic backgrounds of the
electrochemical process for hydrogen production and the technical status

of the thermal water-splitting process.
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B. Electrolytic Production of Hydrogen

1. Theoretical Limitations of Electrolysis

An electrolytic process is one made to occur by passing a direct
electric current between two electrodes immersed in an electrolyte.
Endothermic, or energy-consuming, processes can be carried out by
this method, the required energy being provided by the electric current.
Many simple chemical compounds are broken down into their elements

by this process. For water, the products are hydrogen and oxygen.

Since the overall process of water electrolysis is the reverse of the
combustion of hydrogen, the energy required per unit quantity of hydrogen
produced is the same as the heat of combustion, or calorific value, of
hydrogen. Each hydrogen molecule is formed by the addition of two
electrons to two hydrogen ions in solution, so that a direct relationship
exists between the current passed (rate of passage of electrons) and the
rate at which hydrogen is produced. A water electrolysis cell has a
current efficiency, in practice, of almost 100%, corresponding to a re-
lease of 6.95 cu cm/min of Hz per ampere, or 15.6 SCF/1000 A-hr. *

A perfectly efficient cell would require 79 kWhr of electrical energy for
each 1000 SCF of hydrogen produced. Since this energy input to the cell
is measured by the product of current and voltage, each electrolytic
process has a theoretical volfage corresponding to the energy required

for the reaction to proceed.

This situation is not quite as simple as described above, however,
because only the free energy of reaction can be interchanged with elec-
trical energy. The difference between free energy change and the total
energy change (enthalpy) is accounted for by a change of entropy in the
process. This entropy change cannot be converted to electricity; it must

be supplied or liberated as heat.

The electrochemical equivalent of current is 96,500 A/equiv/second.
At 32°F and 1 atm this is 6.95 cu cm/min/A. The SCF values are
corrected to 60°F, the standard industry temperature of measurement.
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We can calculate that for a water electrolysis cell the voltage cor-
responding to the enthalpy change, or heat of combustion of hydrogen, is
1.47 volts at 25°C, while the cell voltage corresponding to the free en-

ergy change is only 1,23 volts. This difference is important because it

is a factor that works in favor of electrolyzers and against fuel cells.

In an ideal case, then, a voltage of 1.47 volts applied to a water
electrolysis cell at 25°C (77°F) would generate hydrogen and oxygen iso-
thermally — that is, at 100% thermal efficiency with no waste heat pro-
duced. However, a voltage as low as 1.23 volts would still generate
hydrogen and oxygen, but the cell would absorb heat from its surround-
ings. The electrical energy required for the process is only 83.7% of
the combustion energy of the hydrogen produced, the other 16.3% being
supplied as heat. Another way of expressing this is that the fuel value
of the hydrogen produced is 120% of the heating value of the electrical

energy put in.

In marked contrast to a hydrogen fuel cell, therefore, we see that
a water electrolyzer can have a theoretical 'electrical’ efficiency of up
to 120%, while a perfect fuel cell is limited to an "electrical'' efficiency

no greater than 83.5%, if it operates at 25°C (77°F).

The free energy change voltage, or ''reversible' voltage as it is
called, varies with temperature as shown in Figure III-1. We can see
that raising the temperature lowers the voltage at which water can be
decomposed. Again, this factor operates in favor of electrolysis cells
because at higher temperatures the electrode processes proceed faster,
with lower losses, while the required energy input is less. This is in
contrast to fuel cells; their available energy output falls as the temper-

ature is raised.

The voltage corresponding to enthalpy change, or, as we shall term
it, the '"thermoneutral voltage,' varies only slightly with temperature
from 1.47 volts at 25°C (77°F) to 1.50 volts at 340°C (644°F). This is
also shown in Figure III-1, We can therefore identify three areas in
which 1) no hydrogen is evolved, 2) hydrogen is made at greater than
100% electrical efficiency, and 3) hydrogen is made at less than 100%

efficiency with production of waste heat.
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2. Design Optimization

In practice, an electrolyzer does not operate at the theoretical
"reversible voltage'' because at this voltage the rates of the electrode
processes are zero. To promote the decomposition of water, a voltage
higher than the reversible value must be applied. The excess voltage
necessary is termed ''overvoltage'' or ''polarization' and is related to
the current that passes through the cell. Higher currents per unit area
of electrode require higher overvoltages and hence lower efficiencies.
The size of the cell, and thus the capital cost of the cell, is reduced
if it is designed to operate at a high current density, but at the expense
of energy input 61' efficiency. Overvoltages are reduced by increasing
the operating temperature, by the proper design of the electrode struc-
tures, and by the incorporation of catalysts into the electrodes. Other
factors contributing to cell inefficiency are those that influence the elec-
trical resistance of the cell. Resistance losses may be reduced by op-

timizing the design.

3. Criteria for Evaluating Electrolyzer Cells

In evaluating the relative merit of different electrolyzer cells and in
comparing them with alternative systems, it is important to know what
characteristics to measure. Since the cost of the hydrogen production

will be influenced by both capital and operating costs, both of these are

important.

The operating cost of an electrolyzer is dominated by its efficiency.
Since current efficiencies are, in general, very high, the operating cell
voltage gives a direct measure of the energy efficiency. Although most
voltage comparisons in the literature are made with the "reversible"
voltage of 1,23 volts, we feel it is more meaningful to compare prac-
tical voltages with the ''thermoneutral’’ voltage of 1.47 volts to indicate
an electrical efficiency, defined by the ratio:

Heating Value of Hp Output
Electrical Energy Input

Any deviation from 100% electrical efficiency is a direct measure of the
heat energy to be removed from or supplied to the cell. Another useful
efficiency criterion is to compare the power requirement of the cell with

the theoretical power requirement of 79 kWhr/1000 SCF at 25°C.
III-6



The capital cost of the cell is dominated by the size and the unit
cost of the electrodes. To achieve maximum hydrogen output, the cell
can be operated at very high current density (current per unit area of
electrode). However, to do this, higher voltages are needed, and the
efficiency falls off. Increased current density is also obtained by using
more expensive (precious metal) catalysts or by going to extremely com-
plicated, and thus costly, electrode construction. A degree of optimiza-
tion is thus required; the resulting choice will vary according to the cell's

application, the prevailing cost of power, and other individual factors.

The principal difference between the old, established electrolyzers
and the advanced concepts is in the electrodes. The development of fuel
cells has introduced a better understanding of porous electrode design
and fabrication, and the use of catalysts. Most of the advanced cells
use highly porous, high-surface-area metal electrodes carrying a highly
developed nickel, silver, or, in some cases, platinum catalyst. Filter-
press bipolar construction is usually employed. Cell resistance is min-
imized by the use of thin, uniform sheets of asbestos or similar material
of "fuel cell" grade. The most successful of the advanced electrolyzers
still operate with aqueous alkaline electrolyte at modest temperatures.
Alternative electrolytes, including ion-exchange membranes and high-
temperature oxides, have been considered. Thus far, only one U.S.
manufacturer, Teledyne Isotopes, has ventured into the market with an

advanced type of electrolyzer design.

4. Types of Electrolyzer Designs

Each of the many existing commercial electrolyzers can generally
be classified according to two constructional techniques — tank-type elec-
trolyzers and filter-press electrolyzers. In the tank-type electrolyzer,

a large vat, usually iron, holds the alkali electrolyte. Electrodes with
alternate polarity are suspended in the vat.. The electrodes consist of
flat sheets of mild steel, welded to bus bars of steel. Plates are heavily
nickel-plated; the cathodes are left plain. Usually, a bag or skirt of
asbestos is used as a diaphragm to maintain separation between the hy-
drogen, which is generated at the cathode,® and the oxygen, which is
generated at the adjacent anodes. In electrolyzers of this type, each

tank operates as one cell. Although it may carry thousands of amperes,
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only about 2 volts are applied. Thus, in small sizes this type of elec-
trolyzer operates at high current and low voltage, resulting in an awkward
electrical rectification problem. Larger units in series can accept higher

voltages.

Connecting individual tanks in a series raises the voltage of the sys-

tem, but increases the total power that must be handled by the switchgear.

Compared to the filter-press electrolyzers, some designs of tank-type
units are wasteful of floor space and require more maintenance. Never-
theless, the outage of a single tank does not cause a significant opera-

tional problem as it can easily be 'bypassed. "

The filter-press-type electrolyzer is constructed with alternate layers
of electrodes and diaphragms, much the way a filter press is built. The
electrodes are solid metal and are bipolar: One side of the electrode is
the cathode of one cell, while the opposite side is the anode of the adja-
cent cell. With construction of this type, the individual cell voltages
are additive within a stack. With electrolyzers of this type, if an indi-
vidual asbestos diaphragm is torn, a significant rebuilding job is nec-
essary for renovation of the unit and production potential is thus lost.
Nevertheless, this type of electrolyzer appears to be more efficient in
voltage requirements. However, as the filter-press electrolyzers usually
cost more to construct, they are generally operated at higher current
densities in order to generate more hydrogen per square foot. Thus,
the usual operating voltages of both tank-type and polar electrolyzers are

about the same.

Tank-type cells operate at almost 100% efficiency. Because of the
bypass currents in their common electrolyte, filter-press-type cells have
a current efficiency of about 95%. Usually, the bipolar construction is
more expensive than the tank-type construction for a given hydrogen pro-
duction, even if the bipolar cell is operated at the same voltage as the
tank-type cell. It is noteworthy that commercial tank-type electrolyzers
are said to have a life of greater than 25 years and to be maintenance-
free for over 10 years. At that time, only an electrolyte change is

necessary.

Appendix III-A is a review of modern electrolyzer technology?® by

A. K. Stuart, president of the Electrolyser Corporation Ltd., Toronto,
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Canada, and is a very up-to-date (1972) account of the electrolyzer scene

as viewed by a large manufacturer.
5. Manufacturers and Current Performance

There are two major electrolyzer manufacturers in North America.
The Electrolyser Corporation Ltd. of Toronto, Canada, manufactures
cells for a wide variety of applications, mainly custom-designed. This
is an old, established company. It built the original cells for the large
installation at Trail, B.C., in the 1930's. A new entry to the field is Teledyne
Isotopes of Baltimore. This company acquired the Allis-Chalmers fuel
cell and electrolyzer technology in the late 1960's and is now offering
for sale both a range of small electrolysis plants in the 10-100 CF/hr
range and custom design services. Specifications and descriptions of

some of Teledyne's systems are shown in Appendix III-B.

Figure III-2 shows a comparison of the cell performances of a num-

ber of cell types that we have studied.
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Points or solid lines represent information from primary literature sources

or personal contact. Dashed lines are values taken from secondary lit-
erature where primary information is not yet available. Most of these
electrolyzer manufacturers are in Europe; the usual European reluctance
about releasing equipment operating performance probably explains the lack

of primary data.

The German manufacturer Lurgi produces pressure-type electrolyzers,
but has been extremely reluctant to provide us with information. We ex-
perienced similar difficulty with De Nora of Milan, which has claimed
impressive performance figures. It is likely De Nora will provide de-

sign figures if it receives specifications for an actual installation.

Comparison of cell types and manufacturers is difficult; even the
secondary literature does not agree upon electrolyzer operating perform-
ance for individual cell brands. In addition, a cell comparison based
upon voltage-current relationships is meaningless unless cell cost is

included.

Although the process for electrolytic manufacture of hydrogen is old,
-well established, and centered primarily in Europe, space and military
applications have caused an increase of interest in electrolyzer technology
within the last decade in the United States. This has led to a number of
advanced technical concepts for electrolyzer design and construction,
which have not yet reached commercial application, but which promise to
reduce the likely cost of hydrogen manufactured by this process.

The primary military application was the ''energy depot program. o

Because of logistics, the cost of energy on the battlefield is high. 1In
this concept, a nuclear power plant, an electrolytic hydrogen plant, an
air liquefaction plant, and an ammonia plant would be flown in and as-
sembled behind the lines to chemically manufacture ammonia to be used
as a fuel for internal combustion engines, fuel cells, and heaters. As
electrolytic hydrogen manufacture was an integral part of this program,
and improved electrolyzers should be possible as a spin-off from advanced
fuel cell technology, a significant effort was expended in advancing elec-

trolyzer technology.
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Further improvements in electrolyte technology have been spurred by

"nuplexes' — agricultural-

the Atomic Energy Commission in its study of
industrial complexes supplied by seawater and nuclear energy. Nitrogen-
based fertilizer manufactured from electrolytic hydrogen is a key feature

of most of the nuplex studies. '®

Electrolyzers have also benefited from space research., One of the
problems with longer duration manned space flight is the reclamation of
waste products for use in the life cycle. One of the primary problems
has been the recovery of breathing oxygen. In most of the regenerative
processes that have been developed, electrolysis of water is required to
recover this oxygen. Consequently, electrolyzer technology has also been

enhanced by this effort.

A small number of large electrolyzer installations are of interest,
although none are as big as will be required for hydrogen production on

a massive scale.

Table III-1 lists four large electrolyzer installations with their
capacities as determined from the literature. The electrical require-
ments of these plants range from 75 to 400 MW. The plants produce
billions of cubic feet per year of electrolytic hydrogen for the produc-
tion of ammonia., Also included on Table III-1 are the outputs of these
plants in terms of the heating value of the hydrogen produced, indicat-

ing the relative size of these plants in comparison with gas industry needs.

These four electrolysis plants have one factor in common: They are
all located at a source of inexpensive hydroelectric power. The Trail,
British Columbia, facility of Cominco Ltd. was built in the 1930's (before
air reduction was common) to provide oxygen for metallurgical operations.
The hydrogen is now converted, via ammonia, to fertilizer. The tank-
type cells used in this electrolysis operation were quite advanced for
their time and featured rugged construction, simplified operation, and
ease in maintenance. Nevertheless, this cell design requires much floor
space. The hydrogen cell room of Cominco Ltd. contains over 3200
electrolyzer tanks (Figure III-3). The building covers over 2 acres.
About 90 megawatts of power are consumed to produce 36 tons/day of

hydrogen.
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During World War II the Trail plant was operated to produce heavy
water for the Manhattan .project. This is an interesting by-product of
electrolytic hydrogen; heavy water can be produced in reasonable concen-
trations by staging the electrolyte flow to the cells at a slight loss of
hydrogen production efficiency. Heavy water will be required as a ''fuel”

for fusion reactors.

Of the first three large fertilizer facilities in India, only the Nangal
plant uses electrolytic hydrogen. (The others partially oxidize wood.)
At Nangal 60, electrolyzer units produce 880, 000 CF/hr of hydrogen with
a daily heating value of 7.0 billion Btu. The total current through all
the cells adds up to 60 million amperes. This installation is relatively
new (1959). The cells were furnished by De Nora of Milan, which is
also one of the world's larger manufacturers of electrolytic chlorine cells.
The Nangal plant produces 15 tons/yr of heavy water, for a by-product
credit (at $28.50/1b) of nearly $1 million annually.

The Aswan Low Dam project in Egypt was built in the late 1950%s
with about 100 MW of hydrogen generation capacity for eventual use in
fertilizer production. The literature on this project is sparse, but we
understand that this plant uses about 75-100 MW for a daily output of 5
billion Btu equivalent in hydrogen. '

The Norsk Hydro facility in Norway was started before World War IL
This plant was the object of the famous commando raids to destroy the
German heavy-water capability., With subsequent additions, this plant
produced 28 billion CF of hydrogen in 1963, indicating a plant size of
400 MW with a daily output of 25 billion Btu equivalent in hydrogen.

The plants listed in Table III-1 are those known to exist; however,
a plant of about 165 MW (10 billion Btu/day) capacity is the subject of
rumors in the industry. It will be supposedly built in Rhodesia. The
electrolyzer section of this plant is‘now out for bid. Other, smaller
electrohydrogen plants are used for making fertilizer in Italy, Japan,

Portugal, New Zealand, Spain, and Switzerland.

A listing of electrolytic hydrogen plant equipment prepared by Teledyne

Isotopes is given in Table III-2.
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In general, the existing, large-scale electrolyzer plants are all oper-
ated at current densities of about 100-200 mA/sq cm (1 mA/sq cm =
1 A/sq ft) and at voltages of about 2.0 + 0.1 volts. Present producers
and users of large-scale electrolyzers are skeptical about being able to
reduce the cost and raise the efficiency sufficiently to allow hydrogen from

electrolyzers to be used as a fuel gas.

6. Advanced Concepts

The "advanced" electrolyzer concepts offer the most promise for

production of ''fuel hydrogen."

Table III-3 presents the characteristics of the advanced electrolyzer
technology which we have reviewed., This review was either through per-
sonal contact or the study of primary literature with reanalysis to deter-
mine cell operating efficiency and cost on a consistent basis. Similarly,
Figure III-4 presents the reported cell operating performance character-
istics for a number of electrolyzers. The new data in Figure Ill-4 are
superimposed on the earlier data reported in Figure III-2. They indicate
the improved operation of the advanced electrolyzers over existing equip-
ment. In this graph, the solid lines and data points were used to pre-
sent the data that we have reviewed; dashed lines depict data from secondary
literature sources. In the case of the dashed lines, we have been unable
to check the primary literature to determine that operation of the device
as an electrolyzer rather than as a fuel cell was specifically studied.
(Often, in theoretical fuel cell studies, the electrodes are driven to the
opposite polarity to determine voltage-current characteristics. Although
this approximates electrolyzer operation, it cannot be termed an electro-
lyzer study because in-depth analysis of operating conditions, materials

of construction, and corrosion is not attempted.)

a. The Allis-Chalmers Cell

The advanced electrolyzer concept that is closest to an economic
reality is the Allis-Chalmers cell. This electrolyzer is the spin-off of
various Allis-Chalmers contracts for the Army and Air Force, and was
developed under the energy depot and nuplex programs. This electrolyzer
uses potassium hydroxide electrolyte with advanced porous nickel elec-

trodes at moderate temperatures of 250°%, The cell is constructed on
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Figure III-4, CELL OPERATING PERFORMANCES
OF VARIOUS ADVANCED ELECTROLYZERS

the filter-press basis and contains no precious metal catalysts. Each
cell consists of two porous electrodes separated by a porous, insulating
diaphragm. Current is passed between the electrodes, where hydrogen
and oxygen are evolved. The aqueous potassium hydroxide electrolyte

is circulated through the cell, carrying off the hydrogen and oxygen into
gas-liquid separators, where they are separated from the electrolyte.
The electrolyte also serves as a cell coolant. Many cells are connected

electrically in series to form a battery or 'stack' of electrolyzers.

With this electrolyzer, current densities up to 1600 A/sq ft are pos-
sible at reasonable voltages. Individual cells up to 4 sq ft have been
operated, as have multiple-cell stacks, which confirm the above operating
conditions. In addition to an expansive test program, Allis-Chalmers
undertook a detailed economic analysis of electrolytic hydrogen plant

operations. (See Section III-B7.) For these reasons, we have chosen
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the Allis-Chalmers cell as the primary device in our studies of electro-

lytic hydrogen manufacture.

Allis-Chalmers ceased its fuel cell and electrolyzer R&D in 1967.
The technology was sold to Teledyne Isotopes, which has already gone

onto the market with a number of electrolyzer cells. Teledyne furnished

us with laboratory data for advanced cells not yet in commercial production.

b. General Electric High-Temperature Cell

General Electric Company has developed an electrolyzer concept
based upon its high-temperature fuel cell technology. Only small, indi-
vidual cells have been operated, so the scale-up to large installations is
tentative. In addition, much of the data that have been presented are
based upon anticipated results of research in reducing electrolyte thick-
ness and resistance. Yet, this system might be attractive for the long
run because of the high current densities and low voltages achievable,

and because thermal efficiencies greater than 100% are practicable.

This GE cell operates at about 2000°F using a conductive solid oxide
as an electrolyte. The cell area is small because the fragile electro-
lyte must be made in a small-diameter tube to have mechanical strength,
Although the high-temperature fuel cell concept has the best theoretical
potential for electric power generation, funding has been discontinued by
the Government because of the materials problems involved; all experi-
mental development has ceased. The same problems will be experienced
with electrolyzer operation. Electrical costs for generating hydrogen
would be about 35% lower with this cell than with the Allis-Chalmers
cell. This concept provides the bench mark for electrolyzer operating
costs that might be achieved with sufficient fruitful research. The likeli-
hood for success in this field, however, is doubtful, so the concept has

a low priority for further research.

c. General Electric Ion-Exchange Membrane Cell

General Electric has developed a second electrolyzer using an ion-
exchange membrane for operation up to 190°F. The cell is similar to
the General Electric fuel cell used in the Gemini spacecraft, although
it uses a new and more rugged type of ion-exchange membrane. GE

claims that if this membrane had been available at the time of the Gemini
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program, the national fuel cell development program would now be based
on that concept. At present a small amount of laboratory work is still
in progress at GE aimed at electrolyzer development for the spacecraft

use.

The performance characteristics of this cell are identical to those
of the Allis-Chalmers alkaline cell as presented in Figure III-4. The
higher efficiency quoted in Table III-3 results from the lower current

density (and lower voltage) selected by GE for space operation.

We asked GE to estimate a likely production cost for this type of
cell. The cost figures that it supplied were over 3 times higher than
Allis-Chalmers', but are directly competitive with existing electrolyzers.
However, these costs are not subject to reduction (as are existing elec-
trolyzers due to quantity construction and changes in operating conditions)
because the GE membrane cells contain noble metal catalysts. Indeed,
the noble metal requirement for this type of cell would limit its appli-
cation because of the limited availability of platinum. Further research
on this type of cell would not be warranted for our purposes, although it
is interesting to note that a single cell of this type has been operating
at the Air Force Propulsion Laboratory in Dayton, Ohio, for 18, 000
hours continuously, at 150 A/sq ft and at a very encouraging voltage of
1. 62 volts (compare 2.1 volts for commercial electrolyzers ) correspond-

ing to an electrical efficiency of 90% and a thermal efficiency of 76%.

d. Battelle Cell

Battelle Memorial Institute has proposed an electrolyzer construction
for space applications which uses a palladium-silver cathode that is per-
meable to hydrogen diffusion. The cell operates at relatively high tem-
peratures of 335% for a minimum polarization. The Pd-Ag electrode is
used primarily as a technique to separate the hydrogen in a weightless
operating condition; the probable high cost of the cell because of these

noble metals makes this approach unattractive for commercial applications.
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e. Westinghouse High-Temperature Cell

Westinghouse Corporation has published data on its solid-oxide, high-
temperature fuel cell operated as an electrolyzer for space applications.
Compared to the GE high-temperature cell, relatively high voltage at low
current was reported. However, this work was not an extrapolation of
existing data and represents the practical performance obtainable from a
high-temperature cell. The problems inherent to the high-temperature
GE cell operation as discussed above are also present with the Westinghouse

cell,

f. Other Advanced Electrolyzers

Figure III-4 presents operation data for three European fuel cells in
the electrolyzer mode, but we have been unable to check the original
literature. The Shell fuel cell uses acid electrolyte, which causes the

appreciably higher voltage reported for this cell as an electrolyzer.

The Bacon fuel cell was the first fuel cell to be fully engineered
and has been used for all of the Apollo spaceflights. Because of its
high temperature (500°F) and use of concentrated electrolyte, its oxygen
electrode performance is uniquely efficient, Its reported operation as an
electrolyzer is promising. Because of the high efficiency obtained and
because the cell contains no precious metal catalysts, the Bacon cell

warrants further study as an electrolyzer.

The ''Justi' cell is a laboratory development of Professor E. W. Justi
of Braunsweig Technical University in Germany. The reported perform-
ance of this cell” is most significant because it is the best performance
seen at relatively low temperatures. The cell construction is similar to
that of the Allis-Chalmers cell, but uses porous electrodes containing

highly active Raney nickel and Raney silver catalysts,

Other cell types were not included in Table III-3 because insufficient
data were available. Electro-Optical System (E.O.S. in Figure III-4)
is developing for aerospace use an electrolyzer-fuel cell combination in
which the electrolyzer product gas is compressed and stored for return
to the system in the fuel cell mode of operation., Pratt & Whitney Aircraft
is also developing a similar system. Allison Division of General Motors
has operated electrolyzers with Raney nickel electrodes; Allison's reported

data superimposes the Shell cell line in Figure III-4,
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7. Hydrogen Costs Predicted by Allis-Chalmers

In our opinion, the Allis-Chalmers cell design is a satisfactory
bench mark for the determination of the economics of hydrogen manu-

facture using advanced electrolyzer techniques.

The Allis-Chalmers Manufacturing Company was the first of the fuel
cell laboratories to publish the results of applying advanced technology to
electrolysis cell construction. This discussion is based upon Allis-Chalmers'
published work and conversations with Dr. P. G. Grimes, who was as-’

sociated with that project when it was active up to 1966.

a. Operating Data

The Allis-Chalmers fuel cells used alkaline electrolyte. This elec-
trolyte has also historically been favored by electrolysis cell manufacturers
because of its lower voltage requirements. It was only logical, there-
fore, that Allis-Chalmers would use this electrolyte in its advanced elec-
trolyzer concepts. The major disadvantage of alkaline electrolyte for
fuel cell work is that it is not compatible with COz, either in the air
or in the fuel. Since this problem does not arise in electrolyzers, there
is little justification in considering acid electrolytes, which are the pres-
ent trend in fuel cell technology. Water alone gives too great an over-

voltage to be used as an electrolyte.

Allis-Chalmers operated test cells varying in size from 4 sq in. to
4 sq ft over a wide range of temperatures, pressures, and electrolyte
concentrations. The larger cells were made of plastic and were there-
fore only operated at ambient conditions to check the scale-up from the
small-cell data. The smaller cells, up to 36 sq in., were more ruggedly
constructed for a greater operating range. We believe that data taken
on cells of this size are a reasonable approximation of the performance
that can be expected in even larger sizes, given sufficient engineering

development.

The performance of the Allis-Chalmers electrolysis cell is presented
in Figure III-5, a plot of cell voltage as a function of current density at
various temperatures. Two types of lines are presented: The solid
lines represent data taken with electrodes containing 0.3 mg/sq cm of

platinum-palladium catalyst on nickel electrodes and the dashed lines
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Figure III-5, EFFECT OF TEMPERATURE AND

CATALYTIC ACTIVITY ON CELL POTENTIALS3
represent the performance from uncatalyzed nickel electrodes. The noble
metal catalyst becomes unnecessary at higher temperatures and probably
could not pay for itself at reduced temperatures. Note that Figure III-5
presents the cell potential on an IR-free basis: The voltage due to the
internal resistance of the cell has been determined by current interrup-
tion techniques and subtracted from the overvoltage. Therefore, the true
cell polarization is determined independent of ohmic effects, which are

functions of the ''engineering'' geometry of the cell.

The overvoltage above the reversible voltage is about 300 mV at
250°F using a catalyst. This value is similar to the polarization exper-
ienced on a well-engineered alkaline fuel cell, from which, theoretically,
similar polarization values are expected; thus this observation lends
credibility to the Allis-Chalmers data and indicates a measure of the

degree of development of that system.

Allis-Chalmers designed and operated a four-cell test module with a
30-sq-in. electrode size at a temperature of 200°F, The performance
of this module is the same as the performance of the single-cell tests

with a 90-mV ohmic polarization at 400 A/sq ft. The test module was
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not long-lived. The Allis-Chalmers report blamed the short life on cor-
rosion of stainless steel parts, but Dr. Grimes has recently ascribed
the deterioration to leaching of sulfur from rubber seals and subsequent

poisoning of the electrodes.

The problem of cell lifetime may be accentuated by the matrix con-
figuration of the cell. To keep the electrodes from touching, they were
separated by an asbestos diaphragm, which had to be kept wet with elec-
trolyte. We know that water balance is very difficult to achieve in fuel
cells of this design, but in the Allis-Chalmers electrolyzer, electrolyte
was circulated in both anode and cathode compartments to overcome the
problem. Longevity of an electrolyzer of this type depends on both the
materials of construction and the system control, both of which seem to

require further development at this stage.

The performance of an experimental module at 200°F was extrapolated
by Allis-Chalmers to 250°F based upon single-cell polarization data and
improvements in electrolyte conductivity with temperature. The predicted

cell performance at 250°F is presented in Figure III-6.
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Figure III-6. DESIGN PERFORMANCE OF
MULTICELL ELECTROLYSIS MODULE?®
We have also included a line in Figure III-6 depicting the performance
that we think might now be achieved based on improvements in fuel cell
technology over the past 5 years. We note, however, that the perform-

ance curves provided by Teledyne in 1972 are poorer than the 200°F line
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shown in Figure III-6. In other words, Teledyne has not been able to

achieve the earlier optimism shown by Allis-Chalmers.

b. Economics

Allis-Chalmers prepared a conceptual design for 1000-volt modules

of electrolysis cells with about 30-inch effective cell diameters. The ap-

pearance of such a module is presented in Figure III-7; the basic oper-

ating characteristics are listed in Table III-4.
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Figure III-7. ALLIS-CHALMERS' ELECTROLYSIS
MODULE FOR HYDROGEN PRODUCTION3

We notice that this module design is similar to those used in the Allis-
Chalmers fuel cell work, both having a close spacing of the cells (6.5
cells/inch).
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Table III-4, BASIC ALLIS-CHALMERS
MODULE CHARACTERISTICS

(Temperature 250°F, Pressure 300 psig)

Electrcocde Current Density,

A/sg ft _ 800 _ 1,600
Hydrogen Output, 1b/hr 183 314
Current Input, A 4,030 8,110
Module Terminal Potential, volts 1,000 955
Overall Module Iength, inches 118 108
Module Weight, Pounds: Dry 16,245 15,205

With KOH 18,800 17,495
Single-Cell Active Area

(Each Electrode), square feet 5.0 5.0
Cell Potential, volts 1.78 1.99
Number of Cells per Inch 6.25 6.25
Total Number of Cells Per Module 560 480
Total Active Cell Area Per Module,

sq £t 2,800 2,400
Power Input, MwWe 4,03 7.75

Allis-Chalmers then prepared detailed cost estimates on each module.
These costs varied from $80, 000 to $94, 000 per module, depending upon
quantity and stack surface area. These prices were for installed costs
and correspond to $33-$37/sq ft of installed electrolyzer area. On a
weight basis, the installed costs of a module are about $5-$6/1b. Based
on past experience with fuel cell component costs, we think that the in-
stalled cost of about $35/sq ft seems optimistic; however, large indus-
trial chemical processing equipment can often be installed for $2.50/1b
for mild steel construction and $3.50-$4.00/1b for stainless. Consider-
ing that some nickel would also be used in this design, the cost of

$5-$6/1b seems reasonable.
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Usiﬁg these module characteristics, Allis-Chalmers designed electro-
lyzer plants under three assumptions of plant size and operating charac-
teristics. The plant costs are tabulated in Table III-5. Note that the
major item in each of these plants is ''electrical,' i.e., power condition-
ing and switchgear equipment. As Allis-Chalmers is a major manufacturer
of such equipment, these costs should be reliable. The basis for these
costs was the use of technology available in 1966; consequently, Allis-
Chalmers assumed rectification and control of 20-kV a-c current rather

than generation of direct current.

When Oak Ridge!” evaluated the Allis-Chalmers data, it added an in-
creased cost factor of 9% to the plant capital requirements. We could
not rationalize this increase; perhaps it was for land, offsite facilities,
or interest during plant construction. Our own refinements of the Allis-

Chalmers cost figures are discussed in Section III-BS.

Note that the largest of the three plants considered by Allis-Chalmers
requires a power input of approximately 1000 MW. This is a relatively
large electrical generating station by today's standards. Such a nuclear
power plant would require a capital investment of $250-$300 million in
today's money market. Yet, the electrolyzer cost would only be about
$40 million. Therefore, a significant change in the electrolyzer plant
cost would not cause a great variation in the price of the hydrogen out-
put; the cost of building the electrical generating facility overshadows the

electrolyzer capital cost.

For its study of a 40 million SCF/day hydrogen plant, Oak Ridge
National Laboratory derived the operating cost breakdown shown in Table
III-6.

This estimated manufacturing cost of 33. 6¢/1000 SCF, corresponding
to $1.03/million Btuy, has been widely used in AEC cost studies., How-
ever, it is based on an unrealistically low electric power price of 2.5
mills /kWhr, compared to an average generating cost today of about 8
mills/kWhr. On the other hand, it does not take into account certain
optimistic assumptions that we feel can be justified based on the prospects

for electrolyzer development.
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Table III-6. ESTIMATED MANUFACTURING COSTS FOR
HYDROGEN FROM ADVANCED-TYPE ELECTROLYTIC CELLS2

Cost of Porous-Electrode Cell,

Item ¢ /1000 SCF/Ho
Utilities® 29.5
Maintenance and Operating

Supplies h.2
Iabor at $4/hr 0.5
Overhead at 60% of Labor 0.3
Fixed Charges® 7.6
Gross Manufacturing Cost 4o,1

By-product 0s Credit (8.5)¢
Net Manufacturing Cost 33.6
Capital Investment, $10° 11.8

@ Based on hydrogen production, 40 million standard cubic feet;
hydrogen delivery pressure, 1700 psig; fixed charges, 9%.

P ®iectric power cost: 2.5 mills/KWhr.

© Depreciation, 6.7%; local taxes and insurance, 2.3%.

d Oxygen delivered at 300 psig, $4/ton.

A. K. Stuart?® of The Electrolyser Corporation Ltd. compares the

7

Mrochek Oak Ridge cost figures'’ with costs "which may be achieved in

the near future by moderate adaptation of existing uni-polar industrial

electrolyzers, "

For very large installations, following the trend in both
brine and aluminum electrolysis, significant reductions
in capital cost and floor space can be obtained by build-
ing uni-polar cells to much higher d-c current rating.
Such cells, with a capacity of 40 million cubic feet of
hydrogen per day, can be accommodated in a room

60, 000 square feet in area. Using the same nuclear
power rate as Mrochek (2.5 mills/kWhr), gross manu-
facturing cost would be 49.3¢/1000 SCF, before by-product
credits. This corresponds to the Mrochek gross manu-
facturing cost of 42.1¢ estimated for porous electrode
cells, including depreciation, insurance, and local taxes
on a comparable basis.
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The value of the by-product oxygen taken at $4.00/ton
(174/1000 SCF) would reduce net hydrogen cost in both
cases by 8.5¢ to 40. 84 and 33. 6¢ respectively. In ad-
dition, heavy water by-product would be recoverable by
known technology from the uni-polar cells in a quantity

of approximately 30 tons/yr. Assuming a price of $20.00/
b, less 50% recovery cost, there would be a further
credit of 4.3¢ and net hydrogen cost would then become
36.54/1000 SCF ($1.13/million Btu).

In conclusion, it would appear that, while more intensive
development of cells is needed and will be carried out,
sufficient established technology already exists for the
electrolytic production of hydrogen in very large quan-
tities, at a production cost in the same order of magni-
tude as that estimated for advanced cells. The key is
the availability of low cost nuclear power.

8. IGT's Revised Cost Analysis of the Allis-Chalmers
Electrolyzer

Allis-Chalmers carried out a cost assessment of its electrolyzer
system for three different sizes or operating conditions. AEC's Oak
Ridge National Laboratory, for which the electrolyzer work was done,

used these data in its studies of a nuclear-industrial complex.

When we examined the derivation of the hydrogen production cost
carried out and published by J. Mrochek of ORNL!7 using Allis-Chalmers'
capital costs, we found that ORNL had not included provisions for profit,
for the cost of borrowed money, or the payment of Federal income taxes,

though it had added an arbitrary 9% to Allis-Chalmers' plant cost.

We feel that a more realistic estimate for the hydrogen production
cost can be obtained using utility financing, assuming 7% return, and 5%
interest on debt (65% debt) with 48% Federal income tax. (Use of 8%

rate of return and 8% interest does not significantly increase costs because

of tax credits.)

Mrochek!” used a cost of electric power of 2.5 mills/ kWhr., Almost
any number for bulk power generation between 1 and 10 mills/kWhr can
be justified, depending on the assumptions made. We prefer to express
our cost data as made up of two components: a fixed plant cost independent
of electric power, to which is added a variable cost proportional to power

costs.
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Figure III-8 shows our revised value of the hydrogen produced (i.e.,
the price at which it can be sold at a reasonable profit) as a function of
purchased electricity price. The ORNL data are shown as a single point at
$0.44/1000 CF at 2.5-mill power. Our data are shown as a line with
a slope that represents the electric power cost portion of the hydrogen
value, including the 15% inefficiency of the plarit assumed by Allis-Chalmers.
The line intersects the vertical axis at $0.18/1000 CF ($0.56/million

Btu), which is the basic value of the plant itself without running costs.

We then made some further calculations based on different assump-
tions, illustrated in Figure III-9. The top line on Figure III-9 presents
the cost of hydrogen as calculated in Figure III-8 and assumes that the
performance of the cell is that demonstrated by Allis-Chalmers in 1966.
Another line drawn through the same intercept ($0.56/million Btu) indi-
cates the cost of hydrogen at the theoretical decomposition voltage and
the same plant costs. This line indicates the improvement in cost that
might be achieved if research could result in an electrochemically perfect
electrolysis cell operating without polarization. (This is impossible in

practice, but indicates an upper limit. )

Another series of lines in Figure III-9 has an intercept of $0.28/
million Btu as the nonelectrical operating cost. To arrive at this, we
assumed that the electrolysis plant cost can be halved by development of
both the cells and the electrical equipment. The slopes of these two lines
correspond to electrical efficiencies of 85%, demonstrated by Allis-Chalmers,

and 120%, the theoretical upper limit.

The heavy line in Figure III-9 is simply the heat equivalent of elec-
tricity, or 3412 Btu/kWhr. A cell operating at the thermoneutral voltage,
which we feel is a reasonable goal, would operate at 100% electrical
efficiency and would therefore correspond to a line on Figure III-9 having
the same slope as the heavy line, but passing through an intercept cor-
responding to the nonelectrical part of the plant cost. Such a line is
shown in Figure III-10. This, we propose, is a reasonable target for
development, requiring a halving of the plant costs assumed by ORNL in
1966 and operation at a performance demonstrated in Allis-Chalmers'
laboratory in 1966 under extreme conditions, and by Justi’ in 1971 under

more mild conditions.,
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The costs of hydrogen production should range from $1.50 to $2.50/
million Btu if these goals can be met and if power is available at a
price between 4 and 7 mills/kWhr, which seems reasonable. Decreased

costs of hydrogen could be obtained if off-peak electric power is used, *

3*

Breakdown of 1970 nuclear power costs indicates that off-peak power
cost is only 2.0 mills/kWhr, corresponding to $0.85/million Btu for
hydrogen.
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These figures do not take into account credits that may be obtained
from the sale of oxygen or heavy Water,” both of which would be produced
as by-products. However, the quantities of oxygen and heavy water that
will be produced will be large compared to the estimated market; thus a
value cannot be readily placed upon these materials. Conceivably, these
credits could reduce the price of manufactured hydrogen by about 254/
million Btu.

The above discussion illustrates that electrolytically manufactured
hydrogen must carry a price tag that is similar, on a Btu basis, to its
chief utility competition, which is in the form of electricity. The bene-
fits of hydrogen will be regained when transmission and distribution costs
are considered. Although the hydrogen will be produced from water, the

cost of water makeup is expected to add little to the overall cost.

High-purity water is desired so that poisons do not build up within
the electrodes, increasing the cell voltage and forcing premature cell

failure. Boiler feedwater quality is recommended.

For the hypothetical 1,25 million SCF/hr plant (10 billion Btu/day),
the theoretical water requirement' is 125 gpm. In addition to the water
that is decomposed into hydrogen, some water vapor is lost as humidity
in the exiting gases; therefore, the water requirement for a practical
installation of this size is about 140 gpm. This compares to approxi-
mately 25 gpm of boiler feedwater which would be required for the power
station that would generate enough electricity for these cells, and this
power plant will also require a makeup of 3500 gpm of high-quality cool-
ing water to offset the losses in the cooling towers on the recirculating

coolant water circuit.

If the electrolyzer makeup water cost is assumed at 504/1000 gal-

lons, the cost of the water adds 1¢/million Btu of hydrogen heating value.

To put the estimated costs derived in this report into perspective,
we compared the capital costs assumed for the Allis-Chalmers system

with some capital costs for other installations and electrolyzers.
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The capital costs of electrolytic hydrogen installations used in our
overall cost estimates were extracted from the open literature by
R. E. Blanco®? for the Oak Ridge nuplex studies on ammonia manufacture.
Figure II1-11 was drawn from the results of these studies, with addi-

tional data added.
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Figure III-11, CAPITAL COSTS OF ELECTROLYTIC
HYDROGEN INSTALLATIONS
Line A on this graph presents the costs of known installations. Blanco's
references were checked, and the data points for line A are from these
sources. Line A stops at a hydrogen capacity of about 200, 000 CF/hr
because this is the limit of present electrolytic hydrogen plants in this

country.
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Line B is Blanco's estimate of the capital cost requirement for the
electrolyzers in larger installations. This line is based upon driving the
cells at higher current densities because he assumed low-cost nuclear

energy would be available,

The operating range C was predicted for advanced cells based upon
cost estimates derived from the Allis-Chalmers electrolyzer and the GE

high-temperature cell.

We asked some established electrolyzer manufacturers to estimate
the plant costs for a hypothetical 10 billion Btu/day operation. These
costs are shown as points in Figure III-11. The licensed manufacturer
of the Trail cells quoted a price for multiple standard units of $30 mil-
lion. This cost falls on a direct extrapolation of the data for existing

smaller installations.

As already explained in Section III-B5, cost estimates have not been
received for the Lurgi high-pressure cell or the De Nora high-efficiency
cell,

The exhaustive cost information prepared by Allis-Chalmers was
interpolated to the 1.25 million SCF/hr (10 billion Btu/day) production
rate to yield that data point, as were the GE data. As the report was
based upon these data, they were expected to fall within the range for

advanced cells,

The data in Figure III-11 are for the installed cost of the electrolyzer
section of the electrolysis plant. The ac-to-dc conversion equipment
and switchgear are not included, nor is the electrical generation facility,
Based upon data in the Allis-Chalmers report, the power handling equip-
ment for this plant should cost about $4.5 million, based on 1966 tech-
nology. With improvements in d-c switchgear and the possibility of

direct-current generation, this cost should be reduced.

9. Potential for Advances in Electrolyzer Technology

In deriving the cost goals shown in Figure III-10, we made some
optimistic assumptions that the cost of the electrolyzer cells and the
electrical equipment could be halved from the figures used by Allis-
Chalmers. We also assumed that the cells' '"electrical’ effici’ency would

be 100%. These assumptions are justified below.
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A halving of the capital cost of the cells is achieved by a doubling in
current density, effectively doubling the hydrogen production rate for a
given cell. By analogy with the advances made in fuel cell development
during the time when this technology was receiving major R&D funding,
we think this is a reasonable expectation. For example, fuel cells oper-
ating with aqueous alkaline electrolytes in the laboratory in the last 1950's
were scarcely able to achieve 100 mA/sq cm at reasonable voltages.
During the mid-1960's, Allis-Chalmers had developed electrodes and cell
separators that allowed current densities of 400 mA/sq cm to be achieved
regularly. Some of the latest space-type cells at Pratt & Whitney Aircraft
are capable of operating at over 1000 mA/sq cm. In view of this, we
feel that assuming a doubling of the 1966 Allis-Chalmers electrolyzer

current density is reasonably safe.

A halving of the cost of electrical equipment is assumed because of
two developments that have occurred since the 1966 Allis-Chalmers study.’
It assumed rectification of 20-kV a-c current, and assumed a price for
this equipment of $20/kW. Advances in d-c switchgear associated with
the introduction of bulk power d-c transmission lines are tending to re-
duce costs, although reduction in rectifier costs below this figure are
hard to visualize. However, significant development efforts are going on
in acyclic generators, otherwise known as homopolar generators, which
produce low-voltage direct current at very high currents. The following
is an extract from a letter received from the Product Planning Depart-

ment of General Electric Co., December 15, 1971:

The high-speed acyclic generator with liquid-metal col-
lector has been developed by General Electric Company
as a practical new tool in generating high-current, low-
voltage d-c power in large capacity. Four large units
have been in service at the Arnold Engineering Develop-
ment Center, Tullahoma, Tenn., for over 10 years.
These supply a pulse of over a half-million amperes per
generator. A much smaller unit is installed at Argonne
National Laboratory, Chicago, capable of about 20, 000
amperes at 5 volts continuous. The acyclic generator
is limited on available rating variations. The optimum
speed, voltage, and ampere ratings are held in fixed re-
lationship. This limitation has been the major barrier
to date in industrial application of the acyclic generator.
The economic evaluation frequently becomes unfavorable
when the application requirement does not match the
acyclic generator capability.
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The acyclic generator could be utilized with single-unit
capability over the range of ratings as indicated below.
(Other ratings are possible — these are considered optimum):

Rated rpm 3600 down to 1800
Power 10-30 MW up to 100 MW
Amperes 100-150 kA up to 250 kKA
Volts 100-200 up to 400
$/kW* $18-%$9 down to $7

Total Weight (1b) 30, 000-52, 000 wup to 210, 000

3
Price projections for mature product. Additional required
development cost estimated at $1 million over 3-4 years.

It is, of course, possible to connect multiple units in
tandem from one prime mover and thereby increase the
flexibility of choice of rated speed, voltage, and amperes.,
The space and weight factors would, of course, be
different.

Costs of the generator, both alternating and direct current, and the
converter apparatus (for the a-c systems) were also provided in commu-

nications from General Electric:

Up to 50 MW 100 MW
Plant Size $/kW
a-c Generator 10 10
a-c—d-c Converter 60 30-50
30 25 (later information)
d-c Acyclic Generator 9 7

As this table shows, the cost of a-c generators plus converters is $35-

$40/kW, whereas the d-c acyclic generator costs $7-$9/kW, for a saving
of $28-$31/kW. This is deemed significant when compared with the esti-
mate of $40/kW for the entire electrolyzer at the 10>00—MW size* implied
in the Phase 1 Report (page 39). Thus the potential for the acyclic gen-

erator appears quite interesting for this application.
In conclusion —

e The acyclic generator offers significant cost advantages over the a-c
conversion approach in capital equipment costs of about $30/xW dif-
ferential. This does not include any research and developments costs
for the acyclic generator; little if any is assumed to be needed for
the a-c converter approach.

¥
Electrolyzers, being ''modular buildups,' seem to be fairly flat in
cost with power level.
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® The rectifier costs projected in the Phase 1 report of $10-$15/kW
appear optimistic by comparison with GE's best numbers of $25-
$30/kW.

e A saving of $30/kW in the power supply, or power station cost, by
the use of a d-c generator should be compared with the earlier esti-
mated cost of the electrolyzer plant of about $40/kW input. It thus
appears that the capital costs of a nuclear power station providing
hydrogen as a product and one providing conventional a-c power as
a product are comparable, and certainly closer than the 10% differ-
ence noted in the previous section.

This new information on the acyclic generator makes it apparent that

the halving of the electrical cost is indeed a realistic and not an optimistic

assumption. The assumption that the "electrical efficiency'' of the cell
can be increased from the present 60% or so to 100% is justified on the
basis of information from the literature on advanced cells operating with

highly developed electrodes.

The GE ion-exchange membrane cell, operating on the laboratory
bench at the Air Force Propulsion Laboratory, uses a voltage of 1. 62
volts corresponding to a 90% "electrical'' efficiency. This cell contains
platinum catalysts, which cannot be considered for our application.
Justis' cell, in a recent publication, ’ achieved 100 mA/sq cm at a volt-
age of only 1.57 volts at 60°C without the use of platinum. This corres-
ponds to an electrical efficiency of 94%. At current densities below 30
mA/sq cm, his cell operates at voltages below the 1l.4-volt potential

corresponding to efficiencies greater than 100%.

We believe that it will be possible to achieve 100% or greater effi-
ciencies on more highly developed cell systems by operating them at
temperatures higher than are conventionally used. Figure III-12 shows
the Allis-Chalmers 1966 cell data plotted on a voltage-temperature chart.
The thermoneutral potential corresponds to an electrical efficiency of
100%. At a 400 mA/sq cm current density, with "noncatalyzed" (i.e.,
nickel) electrodes, 100% efficiency was achieved between 300%and 400°F.
The "Bacon' cell, operating at about 500°F using only nickel as a cata-
lyst, was able (Figure III-4) to achieve greater than 100% efficiency
(less than 1.47 volts) at current densities up to 200 mA/sq cm.
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Figure III-12, PERFORMANCE OF ALLIS-CHALMERS
ELECTROLYZER CELL AT 400 A/sq ft WITH IR DROP ELIMINATED
Therefore, several different cell types have demonstrated the ability
to operate without precious metals at 100% or greater electrical effi-
ciencies. No information is available on cell life under the extreme
temperature conditions, or with the highly active forms of nickel and
silver catalysts used. Much R&D is undoubtedly necessary, but the goals

appear to be realistic.
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C. Thermal Water-Splitting for Hydrogen Production

1. Introduction

An alternative to the electrolytic method of generating hydrogen from
nuclear energy exists. In principle, water may be split into its compo-
nents, hydrogen and oxygen, by heating it to a sufficiently high temper-
ature and separating the constituents before they have had a chance to

recombine. This process has been termed ''thermal water-splitting."

The theoretical efficiency of splitting water depends on the temperature
at which heat is supplied and rejected, and is the same as that of elec-
tricity generation followed by electrolysis. However, the practical effi-
ciencies obtained by the electrical production of hydrogen are far lower
than theoretical. Thus, it may be feasible to develop a thermal water-
splitting process with a higher practical efficiency and a lower equipment

cost than the electrical process.

The concept of thermal water-splitting is not new. It was investi-

1611 45 part of the '"energy depot'' study

gated by Funk and Reinstrom
carried out in the 1960's by Allison Division of General Motors Corpor-
ation. Since that time, Marchetti® !5 and others at the Euratom Labor-
atories in Italy have discussed the concept and have carried out experimental

work on a system intended to achieve practical hydrogen production.

Water splits to form hydrogen and oxygen if it is heated to a temper-
ature in the region of 4000°C. Such a temperature is not available from
conventional nuclear power reactors, which are currently limited by their
materials of construction to maximum temperatures of 540°-700°C (1000°-
1300°F). Even if the constraints of finding materials compatible with a
steam-raising function are removed, it is unrealistic to believe that suf-
ficiently high temperatures for direct water-splitting will ever be achieved.
At conventional nuclear reactor temperatures, about 1% of the water would
be dissociated, but the hydrogen thus formed is so dilute and at such a

low pressure that recovery becomes economically impossible,

Funk and Reinstrom®®

considered the use of multistep processes in
which water reacts with another material, for example, a metal, to pro-
duce hydrogen and a metal oxide. Subsequent thermal decomposition of
the oxide would recycle the metal for repeated use. This technique has
been termed ''thermochemical water splitting.''" They were, however,

unable to find any suitable two-stage reactions that would occur at
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temperatures within reach of nuclear reactors. They went on to consider
three-, four-, and five-step processes that were theoretically feasible,
but they were pessimistic about the processes' ultimate efficiencies. In
contrast; Marchetti® is far more optimistic about the overall efficiency
of his four-step process, anticipating practical efficiencies of about 50%

from a cycle that can be, theoretically, about 85% efficient.

We made an analysis of a variety of methods for producing hydrogen
without using electricity or using significantly decreased quantities of
electricity. Several of these offer the promise of producing low-cost
hydrogen whereas others lack technical or economic feasibility. Specific

conclusions, made in September 1971, were —

e A purely thermal process for splitting water to produce Hz and oxygen
would require temperatures in excess of 3500°F, clearly above the
range feasible with thermal fission reactors or with modern chemical
engineering technology. Furthermore, thermodynamic constraints
make it highly improbable that a simple two-step process such as —

H.O + X - XO + H;

XO -» X + 1/.0;
or
H,O + Y - YH, + 1/:02

YH> Y + H:

can be feasible. It is theoretically possible, however, to split water
in multistep processes.

e At least three such processes have been proposed in the literature:
In these processes water could be split to Hz and Oz by nonelectro-
lytic means. All three appear to be technically feasible, but it is
too early to assess their potential economic feasibility.

a. The Marchetti Process? !5 (Euratom) is a purely thermal four-
step process, utilizing fission heat and based on the splitting of
HBr produced by the hydrolysis of CaBra. All steps in the se-
quence can be carried out at temperatures at or below 730°C
(1350°F). A preliminary analysis indicates that technically feas-
ible processes for all reactions should be possible with current
chemical engineering technology. The reaction sequence is cum-
bersome, however, and the attainment of an economically feasible

process may be difficult. The development of the Marchetti "Mark I"

Process is currently being pursued at Euratom. Marchetti claims
that laboratory work to date indicates that an overall efficiency of
50% should be possible.
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The Von Fredersdorff Process (IGT)# is based on the conven-
tional steam-iron-carbon monoxide process with the product CO;
being split to regenerate the carbon monoxide and produce O..
The latter step, which has been demonstrated in the laboratory,
is carried out at low temperatures (600°F) by the use of ionizing
radiation from a chemonuclear reactor. The technical and econ-
omic feasibility of the process therefore depends strongly on the
development of chemonuclear reactor technology.

The Vanadium Chloride Process (Allison Division of General
Motors)!! splits water by the following sequence of reactions:

H:O(g) + Cla(g) = 2HCI1(g) + 1/205(g) 1340°F
2HCI1(g) + 2VCla(s) — 2VCly(s) + Ha(g) 77°F
4VCls(s) = 2VCly(s) + 2VCly(g) 1340°F
2VCly(g) — 2VCls(s) + Cla{g) 77°F
Theoretical calculations by Funk’ indicate that an overall energy
efficiency of only 18% would be obtainable. This is less than

the 21-25% obtainable by current, feasible fossil fuel electric
generation and electrolysis technology.

Our exploratory analysis has suggested other potentially feasible
processes that could split water by either nonelectrolytic methods or
by electrolysis with substantially reduced electric power requirements.

a‘.

More than one process can be conceived based on the reverse
Deacon Process:

H0(g) + Cla(g) — 2HCl(g) + 1/20:(g)

The HCI produced can then be further split to Hz + Cl.. Several
possibilities are — :

1) Electrolysis of HCl at a reduced electric power cost

2) Either a thermal or a hybrid thermal-electrolytic process
based on —

2HCl(g) + 2CuCl(s) ~ 2CuCly(s) + Ha(g)
2CuClz(s) - 2CuCl(s) + Cly(g)

3) Similar processes based on variable-valence elements other
than copper and vanadium, for which the valence state of
the metal halide can be controlled by manipulating the kinetic
variables or by the use of suitable ligands or coreactants.
This area is largely unexplored at present.
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The electrolysis of HCl is of proved feasibility and has been

used on a small commercial scale. The other reaction sequences
have been demonstrated only on a laboratory scale, but appear to
have a potential as great as that of the Marchetti Process. '

b. Literature data'® suggest that a process similar to the Von
Fredersdorff Process® and based on ultraviolet or electric dis-
charge radiations should be possible. If so, the need for the
development of chemonuclear technology could be circumvented.
More data from either the literature or the laboratory would be
required to assess the potential of such a process.

e The future development of the fusion reactor technology would greatly
enhance the possibility of the chemonuclear-type processes because
most of the energy from such reactors is produced in a form wusable

for radiation chemistry.

e The empirical exploration of other possible water-splitting processes
reported here is based on a brief study. We feel that further ex-
ploratory work in this area would be very rewarding.

On the basis of these conclusions, drawn in September 1971, an ex-
perimental project was commenced at IGT, under A,G.A. sponsorship,
in January 1972, This project ran concurrently with the final stages of
the study reported here, so progress during the first few months of 1972
on the experimental project is not included in this report, The reader

is referred to the progress reports of A.G.A. Project IU-4-14.

2. Thermodynamic Limitations

Using electrolysis as a reference process, Funk and Reinstrom'® !

(Allison Division, General Motors Corporation) have analyzed from a

thermodynamic point of view, the problem of the energy requirements
for producing H; from water. For any process that is reversible and
operated at constant temperature and pressure, the work (W) and heat

requirements (q) for each gram-mole of H.O decomposed are —

W=24F
q=TAS

where A F and AS are the Gibbs free energy change and the entropy

change per gram-mole of H2O. For the reaction
H0 (g) - Hz (g) + '/20: (g)

at 25°C and 1 atm, these requirements are —
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W = AF = 54. 64 kcal/g-mole
q=T AS = 298 (10.6) = 3.16 kcal/g-mole
W + q= MAH = 57.80 kcal/g-mole

Thus, for electrolysis at room temperature, most of the energy for
water-splitting must come from useful work (i.e., electric power). The
only way to decrease the amount of electric power required is to increase
temperature (i.e., T A S). Electric power requirements can thus be re-
duced by electrolyzing at elevated temperature. However, to reduce the
electric power requirements to zero would require a temperature above

4000°C.

On the other hand, Funk and Reinstrom's'® ! analysis indicates that
it should be possible, at least in theory, to develop multistep processes
for which the power requirements are essentially reduced to zero at a

technically feasible temperature (i.e., 2000°F). For the simplest case

of a two-step process two possibilities exist:

Oxide Reactions

H,O + X » XO + Hz
XO - X + /20,

Hydride Reactions

H,O + X » XH, + /20,
XH, - X + H>

The specifications for the relationship between compound X and its oxide
or hydride required for the two-step process to be feasible at temper-
atures no higher than 2000°F (1100°C) were then defined in terms of free
energy change at 25°C and the absolute entropy. On this basis, Funk
and Reinstrom made a systematic search of the elements and their monox-
ides and hydrides. They concluded that: '""No compounds which would
yield an efficient two-step process were found. Furthermore, based on
semi-empirical correlations, it appears unlikely that a compound exists,
or can be synthesized, which will yield a two-step chemical process
superior to water electrolysis. The general question of the existence

of any process having a higher thermal energy efficiency than water elec-

trolysis still remains, but the possibility appears to be remote.' If such
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a conclusion is valid, the development of nonelectrolytic water -splitting
would require either going to a temperature higher than 1100°C (2000°F)
or to a process employing three or more steps. The further possibility
always exists that, in spite of poor thermodynamic equilibria, some
reactions may be found that can be carried out efficiently by a) kinetically
displacing the equilibrium by continuous separation of one of the products

or b) quenching.

3. Published Processes — 1972

a. Marchetti (Euratom)

Marchetti and his colleagues at Euratom® *

!5 have proposed two
multistep processes that are theoretically feasible. Although they do not
discuss at length the theoretical constraints on the development of such
a process, their proposals illustrate the potential for meeting practical

temperature limitations by the use of multistep processes.

With the following four-step process (Mark 1), the splitting of water
to hydrogen and oxygen is theoretically feasible with a maximum temper-
ature of 730°C (1350°F):

1. CaBra(s) + 2H20(g) - Ca(OH)a(s) + 2HBr(g)
T = 730°C
P = 50 atm

2. 2HBr(aq) + Hg(l) » HgBra(aq) + Ha(q)
T = 250°C (480°F)
P = 25 atm

3. HgBra(aq) + Ca(OH)z(aq) — CaBra(aq) + H20(1) + HgO(s)
T = 200°C (390°F) '
P =10 atm

4. HgO(s) - Hg(s) + 1/20,(g)
T = 600°C (1110°F)
P =10 atm

The sum of these reactions is —

H,O - H, + /20,
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The technical feasibility of developing a process based on this reaction
sequence is currently being investigated by Euratom on laboratory and
engineering calculation levels.

4 515 Jchieves a

A second process scheme proposed by Marchetti
simpler reaction sequence by increasing the maximum temperature limita-

tions to 1400°C (2550°F):

1. C(s) + H20(g) ~ Co(g) + Halg)
T = 700°C (1300°F)

2. CO(g) + 2Fe304(s) — C(s) + 3Fe20s(s)
T = 250°C (480°F)

3. 3FCZO3(S) - ZFe3O4(s) + I/ZOZ(g)
T = 1400°C (2550°F)

This process, although thermodynamically feasible, is apparently not

being pursued currently because of the high temperature required.

Marchetti'® has sent us a very preliminary report of progress through
December 1970 which we have reviewed, and he and his co-worker,
De Beni, visited us at IGT in April 1972. Laboratory work to define
the kinetics and thermodynamics of each of the reactions is far from
complete. As engineering design is still in the conceptual stage, the
studies on the optimization of process variables have not yet begun.
Marchetti has a team of 25 people on this project, which has been in

progress for 4 years,

A schematic flow diagram of the overall process is reproduced from
that report as Figure III-13, The four principal reactions involved cor-
respond to units 10, 20, 30, and 40. The material flows are expressed

as moles per mole of Hp produced. Marchetti's description of the process

follows:

Calcium bromide and water vapour react in [Unit] 10, producing
calcium hydroxide and hydrobromic acid with excess steam.
Hydrobromic acid is concentrated by distillation..., and then
fed into 20 where it reacts with mercury.

After the reaction we have a mixture of hydrobromic acid,
water, mercury, mercurous bromide, mercuric bromide and
hydrogen. The gases are separated from the liquid and washed
to produce pure hydrogen. Mercury and mercurous bromide
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are fed back into 20; the remaining solution is stripped to sep-
arate most of the hydrobromic acid which is sent to the concen-
tration column 24. The solution of mercuric bromide is fed
into 30 together with the calcium hydroxide coming from 10,

After this reaction we have a solution of calcium bromide which
is easily separated from the mercuric oxide precipitate.

This solution of calcium bromide is concentrated before going
to the reaction 10. Mercuric oxide is fed into 40, where it is
thermally dissociated. The mercury produced in this reaction
returns to 20 to react with hydrobromic acid.

The cycle is thus completed and the global result is an output

of hydrogen and oxygen from an input of water (and heat).

Although it is not possible to critically evaluate the feasibility of the
process in its present state of development, certain observations can be
made. All unit processes involved should be achievable with current en-
gineering technology. The chemistry also should be adaptable to conven-

tional engineering techniques.

The question then is whether the metallurgical, kinetic, heat and
materials transfer, and safety problems can be solved to achieve an

economical process.

This flow diagram (Figure III-13) is still in the conceptual stage as
many of the process units have not been defined. As of December 1970,
only ''three process units have been considered' from the point of view

of preliminary design and technological feasibility. !5

1) Hydrolysis of CaBrz (Unit 10, Figure III-13)

The report states that: "A simplified model of the reaction chamber
has been defined in order to study the handling and the mixing of the
reactants (solid-gas or liquid-gas) at high temperature and the separation

Bl

of the products (solid-gas). The report does not state what type of

reactor is to be used nor what the phase relationships will be.

The problems in reactor design stem basically from the thermodynamics

of the reaction and the phase relationships involved.

The reactions involved include —

CaBrz + 2HO — Ca(OH)z + 2HBr

and
CaBrs + HO - CaO + 2HBr
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The first of these is preferred because this reaction, which is already

highly endothermic, is 15 kcal/g-mole less than for this second reaction.
Since the dehydration of Ca(OH)2 to CaO is thermodynamically favored at
the temperatures of interest, the reaction must be carried out at a pres-

sure of about 750 psi.

The equilibrium conversions for the hydrolysis are strongly temper-
ature-dependent and become of interest far above the critical point of
water. The reaction therefore will be a heterogeneous one involving
either gas-solid contact below 760°C (1400°F) (melting point of CaBr;) or
gas-liquid contact above 760°C. Marchetti and his associates tentatively

elected to operate at 730°C (1350°F), just below the melting point.

Thus the reactor design must provide not only for intimate contact
between solid and gaseous reactants but also for continuous or semicontin-
uous separation and transport of the solid Ca(OH)z product to the regen-
erating reactor. Because of the intimate gas-solid contact required and
the particle transport problem, a fluidized particle reactor would appear
to be desirable, However, the operation of a fluidized particle system so
close to the melting point may be difficult. Any misoperation will result
in an agglomerated, plugged bed. On the other hand, operation at lower
temperatures further removed from the melting point of CaBrz will further
dilute the aqueous HBr product, which already requires considerable

concentration.

The alternative of working in a liquid-gas system above the melting
point of CaBrz however, would appear to be much less attractive: Molten
CaBrz, can be anticipated to present severe corrosion problems and the
conversion of CaBr, to Ca(OH), involves a phase change from liquid to
solid. To avoid handling such a phase change in the process will require
limiting the conversion to maintain liquidity. This in turn will require
either separation of the two phases or recycling rather large amounts of
CaBr, to the next reactor. The latter is highly undesirable as it will

tend to suppress the next reaction in the scheme:

Ca(OH), + HgBr, = CaBr, + HgO + H,0
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2) Decomposition of HgO (Unit 40, Figure III-13)

Both the thermodynamic equilibrium and the kinetics of the decompo-
sition appear to be adequate at 600°C (1110°F) and 20 atm. Basic process
design should present no undue difficulties. The main problems will be
concerned with the safety hazards and leak-proofing associated with hand-

ling mercury at 600°C.

3) Heat Transfer Units (Several Units, Figure III-13)

Marchetti and his colleagues indicate that, of the several heat transfer
units shown in Figure III-13, ''some will be critical to the efficiency for
the process. A survey has been started on the possibility of using ad-
vanced heat transfer units, like fluidized beds and metal boiling heat

exchangers. '

The only other engineering studies that have been made concern the
overall thermal balance for the process, upon which a tentative heat flow
sheet has been constructed. The coupling of the process with the thermal
fission reactor has also been considered. As they point out: 'It is in-
teresting to note that the total heat produced by the nuclear reactor can
be utilized in the chemical plant, so that dual purpose plants are not

necessary. '

Work on the other steps of the process has not progressed beyond the

laboratory stage.

4) Reacting Mercury With HBr

Concentrated aqueous HBr reacts with mercury at reasonable rates
only at temperatures above 200°C (390°F). Thus, operation must be under
a pressure of about 375 psi. Preliminary laboratory data indicate the
rates of reaction are highly dependent on the surface area of mercury and
the concentration of HBr solution, and only moderately dependent on tem-

perature (activation energy = 14.9 kcal/g-mole).

The HBr concentration is important because of thermodynamic con-
siderations. Although the reaction of gaseous HBr with mercury is
exothermic (AHzyg = —23.2 kcal/g-mole), the reaction becomes endothermic
when concentrated solutions are used (A Hzg = +10 kcal/g-mole). Fur-

thermore, the endothermicity increases with increasing dilution. Thus,
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even though the hydrogen is removed continuously, the rate appears to
be limited by the equilibrium, at least under 10 atmospheres H: pressure.
The process consequence of this will be that considerable volumes of

dilute HBr must be recycled to the distillation unit.

The principal problem in process design will be to provide adequate

mercury surface area for contact.

5) Overall Process Evaluation

Although a determination of the overall efficiency or economic feas-
ibility of this process on the basis of the data published to date is not
possible, in his last communication’Marchetti indicated that sufficient
progress has been made so that thermal efficiencies of about 50% should
be attainable; that is, the heat consumed in the processing is only 50%

of the net heating value of the Hz produced.

b. Von Fredersdorff (IGT)

Another conceptual, multistep process for splitting water without
electrolysis was proposed by C. G. Von Fredersdorff of the Institute of
Gas Technology in 1959, % The overall process scheme involves the

following simplified reaction scheme:

Steam-Iron Process

Fe(s) + HyO(g) - FeO(s) + Ha(g)
3FeO(s) + H0(g) — Fes04(s) + Ha(g)
Fe30q4(s) + CO(g) - 3FeO(s) + COx(g)

FeO(s) + CO(g) — Fe(s) + COz(g)

2H,O + 2CO - 2H: + 2CO;

Chemonuclear Reactor

2CO2(g) —2CO(g) + O2(g)

Oxygen Separation

2Hg(l) + 2CO(g) + O2(g) ~ 2CO(g) + 2HgO(s)
2HgO(s) - 2Hg(g) + O2(g)
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The heart of the scheme, of course, is the production of Hz by the
steam-iron process, a process of proved feasibility. Instead of being
vented to the atmosphere, the by-product COz is decomposed to CO and
O, in a chemonuclear reactor at 600°F. Oxygen in the effluent from the
chemonuclear reactor is separated by reaction with elemental mercury
to form mercuric oxide. Recovery of oxygen is then accomplished by

thermal decomposition of the HgO:
HgO(s) ~ Hg(g) + 1/20:(g)

The process scheme must also provide for the recovery and removal
of minor quantities of radioactive gases from the decomposed COz stream.
After the removal of oxygen and radioactive gases, a portion of the CO;
decomposition stream, comprising mostly CO, is recycled to the reducing

section of the steam-iron process.

As indicated above, the feasibility of the steam-iron process portion
of the overall scheme has already been proved. Furthermore, although
oxygen separation and recovery with mercury has never been commercially
developed, current chemical engineering technology indicates that such a
process is feasible. The critical part of the process is the COz decom-

position in the chemonuclear reactor.

The proposed process does, however, call for decomposition of CO:
under conditions that are highly unfavorable thermodynamically. Never-
theless, the proposal is based on an actual laboratory demonstration by

Harteck and Dondes of decomposition under these conditions, 12

The unfavorable thermodynamic equilibrium is circumvented by the
ingenious use of nitrogen oxides as inhibitors for the back reaction.

There is ample evidence that the reaction —
CO, = CO + 1/20;

can occur at low temperatures under the influence of various ionizing
radiations, electric discharges, or ultraviolet radiation. But, as the
reaction is reversible, little net reaction tends to occur under ordinary
conditions. Harteck and Dondes'? found that the reoxidation of carbon
monoxide to carbon dioxide during irradiation was a considerably more
complex process than generally assumed. The mechanism involved car-
bon atoms and carbon suboxides. Furthermore, they showed that the

process could be inhibited by the addition of nitrogen dioxide.
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The eventual commercial feasibility of such a process cannot be
assessed at this time. The laboratory data suggest that adequate con-
versions per pass will be achievable., The major obstacles to the devel-
opment of the process will be the development of the chemonuclear

reactor itself.

Juppe'® has described some of the technical problems facing the de-
velopment of chemonuclear reactors. Most of the available energy of
the fission process (84%) is released in the form of the kinetic energy
of the fission particles. In the conventional thermal fission reactor this
kinetic energy is converted directly to thermal energy by interaction with
the material of the reactor. Only 8% of the total energy is of a kind
that can penetrate the reactor and be made available for radiation chem-

ical purposes.

In a chemonuclear reactor, the conversion of the kinetic energy of
the fission fragments must be prevented so that it can be used at least
partially for promoting a suitable chemical reaction. Since the average
fission fragment's track length is only 2-2.5 cm (about 1 inch) in gases
(only 5-25 microns in liquids), very close contact between a large sur-
face area of the nuclear fuel and the reacting chemical system will be
required. Thus, the fuel must be provided in a high-surface-area form
such as extremely thin foils, probably of honeycomb structure for mech-
anical strength, U235-impregnate-d glass fiber systems have been used,
but tend to powder because of flexing, thus providing the possibility of a
severe nuclear hazard. Another problem is the spallation effect: A
fission fragment passing through the fuel tends to eject fuel atoms from
the matrix. This results not only in the loss of fuel and the attendant
increase in radioactivity of the product but also in the mechanical dis-
integration of the fuel element. The latter effect would be especially

severe with the thin foil arrays.

A second technical problem is the decontamination. Although modern
technology can provide effective methods for decontamination, the cost

may be high,
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The third and probably the major obstacle facing the development of
commercial chemonuclear reactors is economics. The capital costs of
both the reactor itself and its decontamination equipment are high. In
addition, the radiation chemical yields will be an important economic

factor. According to Juppe'® '...

the radiation chemical yields observed
up to now for fissiochemical syntheses are not yet sufficient to make

these processes competitive with conventional processes. '

Yields are expressed in terms of G-values, i.e., the number of
molecules formed per 100 electron volts of radiation energy absorbed.
A high G-value indicates that little radiation energy is required to pro-
duce a lot of product. Harteck and Donded? obtained G-values as high
as 8.5 for the COz decomposition. If we assume a G-value of 10 and
if the energy deposition efficiency of 50% could be achieved, a 2-MW
chemonuclear reactor would be capable of decomposing about 10 tons of
CO; per day. This is roughly equivalent to 350, 000 SCF of Hz produced.
This is obviously not currently competitive with electrolysis. (A 2-MW
thermal fission reactor should produce about 620, 000 SCF of Ha by

electrolysis. )

However, the theoretical maximum G-value for the CO» decomposi-
tion is considerably higher than 10. (GrnaX equals 48 for gamma radia-
tion and may be higher for fission fragment energy.) Therefore, it may
be possible to vastly improve the radiation yields and thus the economics

of the chemonuclear process.

Further development of the Von Fredersdorff Process consequently
depends on the further development of chemonuclear reactor technology

and radiation chemistry.

4. Other Process Concepts

We have approached the development of a new thermochemical process
through an empirical technique. In the first place we have listed all the
obvious types of elements or compounds that might be used to split water.
We then studied the thermodynamic feasibility of the splitting reaction as
well as the feasibility of regenerating the splitting agent and producing
either Hz or O, in a second step. Secondly, we have tried a) to list the
product compounds from which the potential splitting agent can be regen-

erated by thermal decomposition and b) to visualize reaction sequences
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that will produce these compounds. In this way, we get a direct empirical
evaluation of the negative conclusion arrived at by Funk and Reins‘trom.lo’ 1
In addition, however, the intimate knowledge developed of the thermody-
namics and properties of the products of the splitting reaction sets the

stage for visualizing multistep processes that are potentially feasible.

In evaluating the thermodynamic feasibility of the splitting and regen-

erating reactions, thermodynamic data from Bureau of Mines Bulletins

Nos. 601'* and 605* were used. These data permitted the rapid estima-
tion of Gibbs' free energy changes (A FTo) for the reactions at 298.1°%K
and at 1000°K (1000°K = 727°C = 1340°F), which was used as the upper
limit because data at that temperature are available for most chemicals
of interest and because it is close to the upper temperature limit that
can be achieved in a thermal fission reactor. Reactions showing free
energy changes less than about +10, 000 cal/g-mole were considered

potentially feasible, although negative free energies are preferred.

Scanning of the periodic table reveals relatively few general (or
simple) types of elements or compounds that might be considered as
potential reducing or splitting agents for water. The most obvious

potential splitting reactions found are as follows:

C + 2H;O - CO; + 2H» (1)

CO + H,0 ~ CO; + H, (2)

C + HO - CO + H; (3)
M(metal) + aH0 - MO_ + aH, (4)
MO_ + bHO — MO, , + bH: (5)
Cl, + HO - 2HC1 + '/20; (6)
2MCl_ + aHzO - M0, + 2aHCl (7)
3S + 2H,O - SO, + 2H,S - (8)
MS_ + aHO - MO_ + aHsS (9)
MCz + H,O - MO + C.H, (10)
MN + H,O - MO + NH; (11)
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The potential candidates for Reactions 4 and 5 include all of the metallic
and some of the nonmetallic elements and their lower oxides. The only
nonmetallic elements included are carbon, sulfur, and the halogens. Other
nonmetallic elements (such as group VA: nitrogen, phosphorus, arsenic,
antimony, and bismuth, and selenium, tellurium, and polonium in group
VIA) were excluded on a cost and availability basis.

In general, our analysis indicates that the conclusions of Funk and

Reinstrom!® 11

are valid if the reactions can go to equilibrium. Those
agents capable of splitting water (carbon, carbon monoxide, sulfur, chlorine,
many metals, and the lower oxides) produce products which are stable
enough so that regeneration is unlikely at temperatures below 1000°K
(1340°F). For those reactions that would produce products capable of
regenerating the original splitting agent thermally at temperatures less
than 1000°K, the splitting reaction itself tends not to be thermodynamically
feasible. The latter category includes the reactions involving the follow-
ing conversions: Hg 2 HgO; BaO 2 BaO;; CaO =2Ca0;; Cr;0; =2 2Cr0Og;
3Co0 2 Co0304; 3PbO 2 PbzO4; 2MnO 2 Mnz03; Cux0 = CuO; SOz 2 SOs;

S 2 H2S; Brz = 2HBr; and I 2 2HI. Some other compounds, particularly
the oxides of some of the transition elements having several higher valent

oxides, such as manganese, molybdenum, vanadium, chromium, the rare

earths, and the metal sulfides, may have better characteristics.

A two-step process might be possible a) if the temperature differen-
tial between the water-splitting and regeneration steps could be increased
by increasing the temperature of the regeneration above 1000°K (1340°F)
or b) if the water-splitting could be carried out at or near room temper-
ature. For example, the carbon—steam-iron process could work if the
decomposition of Fe O3 to Fe3O4 could be carried out at 1200°-1400°C
(2200°-2550%F) as proposed by Marchetti:

C(s) + HzO(g) - CO(g) + Halg) 700°C (1300°F)
CO(g) + 2Fes04(s) ~ C(s) + 3Fes0s(s) 250°C (480°F)

3Fe205(s) — 2Fe304(s) + 1/20(g) 1400°C (2550°F)
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Several two-step reaction schemes would be thermodynamically feasible

if the splitting reaction could be made kinetically feasible at or near

room temperature. An example of such schemes is —
H20(1) + 2MnO(s) - Ha(g) + MnzOs(s)
A Fae = +19,570 cal/g-mole
Mn,Os3(s) — 2MnO(s) + 1/20,(g)
A Froo0 = +12,350 cal/g-mole

Although the thermodynamic equilibria is poor for both steps, the reac-
tion could be pushed to completion by continuous separation of the H2 or
O. if the kinetics were sufficiently rapid. Speeding up the kinetics might
be accomplished by catalysis or the use of ultraviolet or ionizing radia-

tion. However, no such data are currently available.

Another general method of getting around the thermodynamic constraints
on the two-step process is to circumvent the thermodynamics by kinetic
means. The Von Fredersdorff Process discussed above is an example
of this. In that case, CO: was decomposed at a temperature where the
thermodynamic equilibrium is almost nil by the use of ionizing radiation
in the presence of an agent that inhibits the back reaction until stable
product molecules are formed and quenched. It might be similarly pos-
sible to accomplish the decomposition of metal oxides, such as FezOs;,
to oxygen and the lower oxide at low pressures or in the pi'esence of an
inhibitor. However, so far no references to such reactions have been

found, although our literature coverage in this area is far from complete.

In considering possible multistage processes, no theoretical analytical
approach has been devised. Instead, one starts with a splitting reaction
of known feasibility and tries to visualize multistep reaction schemes by
which the splitting agent can be regenerated, or alternatively, one may
start with a product from which Oz or H,; can be generated and work back-
ward by visualizing splitting-reaction sequences by which they can be
generated. Hopefully, the feedback from evaluation of the feasibility of

these schemes will suggest further improvements.
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a. Processes Based on the Reverse Deacon Process

Among the most promising approaches are those based on the follow-

ing water-splitting reaction:
H20(g) + Cla(g) = 2HCl(g) + 1/202(g)

In this way oxygen is released in the water-splitting step and the problem
becomes one of generating hydrogen and regenerating chlorine from

HCl. This reaction is the reverse of the well-known commercially de-
veloped Deacon Process for producing Clz from HCl. The reaction is
completely reversible and the production of HCl and Oz is highly favored
at temperatures between 800° and 1000°K (980°-1340°F). Such a process
is definitely technically feasible.® It turns out that splitting HCl is easier
than splitting water, The free energy of formation of 2HCI1 is less than
that of water at room temperature (A Fa9g = —45,500 cal/2 g-mole versus
—~56, 750 cal/g-mole for water). Thus the electric power required for
the electrolysis of HC1 will be less than that required for the electrolysis

of water., Furthermore, the saving in power will be greater due to the

lower polarization expected at the chlorine electrode compared to an oxygen

electrode. The electrolysis of HC1 to produce Hz and Clz has been car-

ried out commercially on a small scale.
The overall reaction scheme then becomes —
H.O(g) + Cla(g) — 2HCl(g) + 1/202(g): T = <1000°K (1340°F)

2HCI(1) ~ Ha(g) + Cla(g) (Electrolysis): T = 300°K (80°F)

H,O ~ H, + I/202

A further reduction in power might be accomplished by the following scheme:

H,O(g) + Clx(g) — 2HCl(g) + 1/202(g): T = <1000°K
2Hg(l) + 2HCl(aq) — 2HgCl(aq) + Ha(g): T = <600°K

2HgCI1(l) ~ 2Hg(g) + Cla(g) (Electrolysis): T = 800°%K (980°F)

HO - Hx + */20;

The free energy of formation of 2HgCl at 800°K is only —22,700 cal/2 g-
mole. Thus the electric power for electrolysis of HgCl would be about
half that for HCI.
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Although the development of a purely thermal process for splitting
HCl may be possible, it will not be as simple as electrolysis. In the

first place, the development of a two-step process of the type —
HCl + M(metal) » MC1 + !/2H>
MC1 » M + !/2CL

faces the same problems as in the splitting of water: Those metallic
elements that react with HCl to release H; give metal chlorides which
cannot be thermally decomposed below 1000°K to regenerate the metal.
Conversely, the elements (or compounds) which give chlorides that are
decomposable to the element and chlorine at temperatures below 1000°K
will not react with HCl. These include carbon, gold, platinum, and
rhenium (also NO and SO.).

On the other hand, it may be possible to devise a feasible system
based on the oxidation-reduction couples involving higher and lower valent
chlorides of some of the transition elements. Perhaps the closest to

feasibility is the following:
H20(g) + Clz(g) - 2HCI(g) + 1/20:(g)
2HCl(g) + 2CuCl(s) —2CuCly(s) + Ha(g): A Faes = +8000 cal/g-mole

2CuCly(s) = 2CuCl(s) + Clz(g): A Fgoo = +5500 cal/g-mole

H,0 - H, + /20,

The dissociation pressure of Cl, over CuCl; increases to above 250 mm
at the melting point (498°C = 930°F). Therefore, a viable process for the
3rd step should be possible.

The second reaction in the sequences —
HC1 + CuCl - CuCly + '/2H;

appears not to have been demonstrated in the laboratory. However, the

following reactions have been demonstrated:
2CuCl(aq) ~ Cu(s) + CuClz(aq) (in dilute HCI)

2HCI1(g) + Cu(s) = CuClx(s) + Ha(g): T = 230°C (440°F)
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Thus, it should be possible to drive the second reaction to completion,
although laboriously, at least by a two-stage process. Furthermore, it
seems probable that the addition of a suitable ligand such as ammonia or
ethylenediamine, by thermodynamically stabilizing the cupric state, may

allow the reaction to proceed in one step as follows:
CuCl{aq) + HCl(aq) + 2en(aq) ~ Cu(en),Cly(aq) *+ /2H2(g)

Alternatively, it should also be possible to carry out the second reac-
tion (CuCl + HC1 - CuCly + '/2H,) by electrolysis at a substantially re-
duced electric power cost (A Fag = +5500 cal/g-mole versus A Fagg =
+22, 750 cal/g-mole for the electrolysis of HC1). The trade-off, of course,
would be the relative cost of electric power compared to capital costs
in a complex process.

A similar system based on the ferrous chlorides may also be possible:
H,O(g) + Clz(g) ~ 2HCIL(g) + 1/202(g)
2HCI1(g) + 2FeCly(g) ~ 2FeCls(g) + Halg); AFlooooK = +12,500 cal/g-mole

2FeCls(s) — 2FeCly(s) + Cla: AFsoooK = +2300 cal/g-mole

H,O - Hy + I/ZC)z

Neither of the reactions involving the iron chlorides has particularly good
thermodynamic equilibria, but the conversions might be driven to com-
pletion by recycling the manipulation of the kinetic parameters, or the
use of ligands to stabilize the ferric state. A thermodynamic assist for
the decomposition of FeCl; can be obtained by the addition of nitric oxide

according to the following reaction, which occurs at room temperature:
FeCl; + NO - FeCl: + NOCI1

NOC]1 is easily decomposable at moderate temperatures to regenerate NO
and Cl,. However, the volatility of FeCl; (boiling point = 315°C = 600°F)

will present process design difficulties.
An electrolytic process for the reaction —
FeCl, + HCl -» FeCl; + '/2Hz: A Fagg = +15,300 cal/g-mole

should also be feasible, Electric power requirements would be only 67%
of that required for electrolysis of HCI and only 54% of that for the elec-
trolysis of H20.
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Other potential candidates for similar sequences based on the reverse
Deacon Process include any of the elements having variable-valent halides
(i. e., the transition elements). Since the IU-4-6 Phase 1 Final Report,
we have learned that the Allison Division of General Motors has looked
at several of these candiates including mercury, tantalum, bismuth, and
vanadium chlorides. The process based on the vanadium chlorides, which

appears to be the most feasible, was described by Funk as follows:
H,O(g) + Cla(g) - 2HCI(g) + 1/202(g): T = 1340°F
'2VCla(s) + 2HC1(g) - 2VCly(s) + Ha(g): T = 350°F
4VClz(s) = 2VCl(g) + 2VClx(s): T = 1340°F
2VC1(1) » 2VCls(s) + Clx(g): T = 350%F

b. Processes Based on Carbon Cycles

Another basic water-splitting reaction that should be of primary in-
terest is that based on reduction of H>O with carbon — either in elemental

form or as carbon monoxide:
HzO(g) + C(s) ~ CO(g) + Halg)

H20(g) + CO(g) ~ CO2(g) + Ha(g)

2H,O + C = 2Hp + CO; (yield = 2H,/CO5)

Hz production processes based on these reactions have already been proved
to be commercially feasible, If we start with one or both of these reac- .
tions for splitting water, the problem then becomes whether a method

for splitting of CO or CO: can be conceived which is easier than the splitting

of water.

One approach, which should be considerc¢d in the long run, is to use
the product CO; in the production, by photosynthesis, of carbohydrate,
which could be decomposed to HzO and carbon for recycle. It could also
be used as food and ultimately be recycled to the process in the form of
pyrolyzed garbage. Although we have not made the necessary material
balance calculations, it seems probable that only a fraction of the carbon
recycle could be obtained by garbage recycle and that one or more splitting
processes would be needed. However, to the extent that the CO; can be
used in some such fashion, the burden on the splitting process could be

relieved,
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One of the attractive features of the use of carbon as the splitting
agent is that the hydrogen can be produced in the form of liquid hydro-
carbons, methanol, or a wide variety of organic chemicals as well as
the elemental form. However, in all cases, 1 mole of carbon dioxide
is produced for every 2 moles of Hz in whatever form it is produced.

Especially then the CO, must be either used or split.

Thermodynamically, the splitting of CO is unfavorable at any tem-
perature from absolute zero to far above 4000°K (6750°F). Temperatures
above 2750%°K (4530°F) would be required to decompose CO, into CO and
O, in reasonable yields. Furthermore, a two-step process for splitting
CO:2 to CO and '/2 0z is just as unfavorable as is the two-step process
for H;O. Those elements or compounds capable of reducing CO or CO:
below 1000°K cannot be regenerated below 1000°F and vice versa. Theo-
retically, multistep processes should be possible, but would probably
have no advantage over multistep splitting processes for water and would

be more circuitous.

Thus the Von Fredersdorff approach, in which the unfavorable thermo-

dynamics of the reaction —
CO; » CO + '/20;

are circumvented by carrying out the reaction in the presence of an in-
hibitor for the back reaction, appears to be the only approach so far
conceived which will permit the development of a self-contained process
based on the splitting of H,O with carbon or carbon monoxide. As indi-
cated before, the Von Fredersdorff Process appears to be feasible, but
would require considerable development of chemonuclear technology.
However, the same splitting reactions can be carried out without nuclear
radiation techniques — namely, with ultraviolet radiation or with electric

energy in the form of corona discharge or silent electric discharge.

The decomposition of COz by electric sparks was observed as long
ago as 1788.'¢ Nevertheless, the extent of decomposition tends to be
quite small because the electric spark energy also promotes the back
reaction. On the other hand, Holt'® found that the decomposition of CO,
can be considerable (48%) at low pressure (30 mm) under the influence

of silent electric discharge. The formation of solid carbon suboxide has
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also been noted. Thus fairly high conversions can probably be achieved
by thermal quenching of the products alone. The addition of nitrogen or

nitric oxide presumably would inhibit the back reaction of the oxygen atoms

and prevent the formation of solid carbon suboxide.

It was also found that the number of coulombs required to decompose
1 gram equivalent of CO, is only 2610, which shows that the decomposi-
tion is not a direct electrolytic process. However, it was also shown that
only about 1% of the total electrical energy supplied was converted to
chemical energy.'® Unless the overall electrical efficiency is greater
than 80% (i.e., 80% of the total Faradays supplied produce the decompo-
sition of at least 1 mole of CO;), the process has no advantage over

electrolysis of water in terms of electric power requirements,

Since we have not reviewed the modern literature in this area, we are
in no position to evaluate what overall electrical efficiencies might be ex-
pected for the decomposition of CO, by electric discharge. We therefore
suggest that if a thorough evaluation of the literature indicates the pos-
sibility of achieving reasonable efficiencies, a laboratory investigation of
the decomposition of CO, by silent electric discharge could accomplish
two objectives:

e The results would allow us to evaluate directly the technical feasi-
bility of a process based on silent electric discharge.

® Since the two processes are similar in many respects, the results
would permit at least a preliminary evaluation of the overall Von

Fredersdorff Process without involving the use of chemonuclear
techniques.

c. Other Exploratory Systems

Some attention has also been given to the conception of multistep
processes based on splitting reactions other than those based on Cl, or
carbon, so far without much success. However, the process of conceiv-
ing such reactions is a highly empirical one and depends on a detailed
knowledge of the extensive chemistry of the compounds involved. We

feel that the further exploration of these areas could be fruitful,
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We would also like to point out that the promotion of splitting reac-
tions by nuclear radiation or electric discharge might be applicable for
materials other than COj, including SO: (the product from splitting H20

with sulfur) and water itself.
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MODERN ELECTROLYSER TECHNOLOGY IN INDUSTRY
A. K, Stuart

Extent of Use

Electrolysis of water is familiar to high school students of chemistry through-
out the world; but the extent of its application in industry today may come as a
surprise to many. One reads statements in the technical literature such as "the
electrolytic process for producing hydrogen is now generally considered too costly
for practicael purposes’. Such statements apply to large plants, except in low cost
power areas, but do not adequately reflect what has in fact been happening in the
field. Total figures are not available but there are many hundreds of electrolytic
plants in operation today throughout the world and a2 considerable number sre being
built every year.

The capacities in industrial use range from as little as 500 cubic feet per
day, absorbing perhaps 3 kw, to cver 40 million cubic feet per day, absorbing
240 thousand kw. The sizes most common in metallurgical and chemical processing
are between 10 thousand and 500 thousand cubic feet rer day. The very large in-
stallations exist at low cost hydro-electric sites where hydrogen is used for the

manufacture of synthetic ammonis for nitrogen Tertilizer. Examples of such plants
are in Norway, India, Egypt, Japan, Peru, Korea, Cansda end Australia.

The uses of electrolytic hydrogen plants in North America and abroad are as
diverse as are the uses of hydrogen itself. The principal present applications
are indicated in Table I.

TABLE I

Hydrogenation of fats and oils for shortening, margarine and soap

Production and sintering of metal powders and compacts (iron,
tungsten, cobalt, molybdenum, etc.)

Bright annealing of stainless steel

Preparation of semi-conductor materials

Television and radio tube and lamp manufacture

Grain orientation of transformer steel

Inflation of weather balloons

Compressed industrial gas manufacture for distributien
Cooling of electric generators at thermal power stations
Uranium extraction and processing

Chemical synthesis (Examples nylon and polyurethene intermediates,
sorbitol, etec.)
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Nuclear power stations - recovery of radioactive emissions;
graphite reactor core corrosion control

Float glass manufacture

By-product oxygen (purity 99.6 to 99.7%) is recovered, where a market exists,
for use in cutting and welding and in chemical and metallurgical processing,
electronics manufacture, etc. In these applications the value is from $1.00 to
$3.00 per 1000 SCF. Future uses will probably include treatment of sewage and
industrial effluent to reduce biological and chemical oxygen demand.

The Electrolysis Reaction

Before discussing the equipment details, some simple data concerning the
electrolysis reaction may be useful (Table II).

TABLE II

TYPICAL OPERATING DATA FOR MOST INDUSTRIAL ELECTROLYSERS

2 Hy0 + Electric H, (gas) + 0, (gas)
Power
6.7 U.S. gals. 120 - 140 kwh 1000 SCF 500 SCF
(distilled or demineralized) (p.C.) (99.7 to 99.9%) (99.3 to 99.7%)

Electrolyte - pure KOH solution, strength 25% to 28%
Operating Temperatures - 60° c. to 90° C.

Cooling Water @ 30o c. - 200 to 300 U.S. gals. per 1000 SCF Hop

Production per 1000 amperes 15.9 SCF Ho and 7.95 SCF O, per Hour at

100% current efficiency (c.e.)

(or 63,000 amperes per 1000 SCFH approx. )

Cell Voltage x Amperes x 1073
Amperes X 1073 x 15.9 x c.e.

Specific Power Consumption
(in kwh per SCF H,)

. Cell Voltage
15.9 x c.e.

96% to 99.9% according to cell design

Current Efficiency (c.e.)

and condition.
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The electrolyte most commonly used is potassium hydroxide solution of low
chloride grade at a strength of 28% for maximum conductivity. Higher strengths
may be used to reduce loss of feed water by evaporation when operating at high
temperatures; in cells of open construction, where the electrolyte can absorb
carbon dioxide from the surrounding atmosphere, sodium hydroxide may be preferred
in spite of lower conductivity as it costs less to replace. 1In sealed cells, the
original electrolyte charge normally is used for more than ten years. Periodic
make=-up is required to replace mechanical losses.

Due to the absence of side reactions, current efficiency in most types of
electrolyser is close to 100% (actually 96 - 99.9% depending on design) and pro-
duction rate is therefore 15.9 SCF/hr hydrogen per 1,000 amperes, representing
the electrochemical equivalent. As may be seen in Table II, at any given current
efficiency, specific power consumption is in direct proportion to cell voltage.
and, conversely, energy efficiency is in inverse proportion to cell voltage. Cell
design and operating methods are accordingly directed toward achieving a minimum
cell voltage consistent with economical capital and maintenance costs, and equip-
ment service life.

Overall cell voltage includes the components given in Table III.
TABIE TIT

CELL VOLTAGE COMPONENTS

E . E + E L, E | IR

Cell Rev. A C

E
Cell - Voltage at cell terminals

ERev - XReversible decomposition voltage
?A - Overvoltage at Anode
E - Overvoltage at Cathode

c

IR - Loss due to ohmic resistance of electrolyte and
cell parts

The weversible decomposition voltage at atmospheric pressure and 250 C
is 1.23 volts; between 1.23 volts and 1. %8 volts the applied energy is ab-
sorbed to maintain cell temperature; above 1.48 volts, energy is released

as excess heat. The decomposition voltage plus a degree of overvoliage must
be applied before current begins to flow. The ohmic or IR resistance losses
within the cell are minimized by careful design of the conducting paths and
choice of diaphragm material, by maintaining electrolyte strength at the point
of maximum conduct1v1ty and by operating the cell at the highest possible
temperature (about 80° C. in present practice) compatible with the materials
of construction. III-73
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The anode and cathode overvoltage phenomena are themselves made up of
& number of individual losses not fully understood. Overvoltages and the re-
sidual losses are affected by the choice of electrode material, the mechanic= i
condition of the surface, the current density, the temperature of operation,

the presence of impurities and/or catalysts and the adequacy of electrolyte
circulation. '

Types of Electrolyser

Electrolysers presently available for industrial use are in one of two
basic classifications - uni-polar or bi-polar. The distinction is illustra-
ted in Fig. 1. 1In the uni-polar electrolyser, each electrode has the same
polarity on both surfaces and carries out a single electrode process (i.e.
either hydrogen evolution or oxygen evolution). A single cell contains a
number of electrodes and all electrodes of like polarity are connected
electrically in parallel. The result is that overall cell voltage is equi-
valent to that of one pair of electrodes or approximately 2 volts. High
total currents per cell may be carried at this low voltage potential, by
increasing the number of ele¢trodes in the cell tank. A sufficient number
of cells are then connected electrically in series by bus bars to form a
cell battery of the desired hydrogen output capacity.

The bi-polar electrolyser installation, frequently called the filter-press
electrolyser, on the other hand consists of a single assembly of a relatively
large number of electrodes, each of which is cathodic on one side and anodic’ on
the other. The assenbly is held together by longitudinal tie bolts in a manner
similar to that of the plate and frame filter-press. Each electrode is in-
sulated from, and electrically in series with, its neighbour; and each pair of
electrodes forms an individual cell unit. The direction of current flow is
from one end of the cell mass to the other. A bi-polar electrolyser may thus
contain from 30 to several hundred individual cells i1n series at approximately
2 volts each, so that the corresponding applied voltage ranges from 60 to 1200
volts DC approximately, depending upon output capacity.

There are, as may be expected, advantages and disadvantages inherent in
each approach. With bi-polar construction, intercell bus bar connections are
eliminated and floor space is reduced in comparison to older uni-polar cells.
The series arrangement of the electrodes results in a higher voltage and lower
current requirement for a given hydrogen output which, in smaller plants, can
mean lower rectifier cost.

A bi-polar electrolyser is illustrated in Fig. 2. Inherent in bi-polar
design is a multiplicity of contact surfaces which require manufacture to close
tolerances and careful sealing and insulating to prevent leakage of gas,
electrolyte and electric power. Because of the relatively high DC voltage
applied, care is taken to avoid short circuit currents, which can effect both
current efficiency and gas purity. The electrolyte is recirculated from gas
separating tanks to the electrolyser by an external pumping system, which
includes cooling and filtration.
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Uni-polar electrolysers, of which an example is illustrated in Fig. 3,
require heavy interconnecting DC bus bars and, in some cases, greater floor
space. They have however the advantage of greater simplicity in design;
this is mainly because of the low DC voltage per unit and the relatively few
contact surfaces requiring insulation and sealing. In general, appropriate
welding shop techniques are sufficient for high quality production of uni-
polar cells. Because of economy in manufacture, uni-polar cells may be
economically operated at lower current density and high electrical efficiency,
if preferred. The operating condition of an individual uni-polar cell (for
example, hydrogen and oxygen gas purities) can be checked and if necessary a
single cell removed for repair without significant interruption of hydrogen
plant output. This is an important advantage where high continuity of hydrogen
supply is essential. Under normal conditions, modern uni-polar cells can be
expected to operate in excess of ten years before removal for cleaning or over-
heul; and repair of individual cells may be readily carried out at site using
spares on hand.

As indicated in Fig. 5, in terms of building requirements high current
uni-polar cells are now available which, in comparison to bi-polar cells,
require comparable or less total floor space for installation, when aisles and
space for auxiliary equipment are included.

In industrial electrolysers of both types, hydrogen and oxygen compartments
are separated by a woven asbestos cloth diaphragm, made to precise specifications
to minimize diffusion of the product gases without impeding ionic conductivity.
These diaphragms are in some instances reinforced by cotton or wire. Under
proper conditions of application, the diaphragms will last well in excess of
20 years.

The uni-polar cell illustrated in Figure 3 is of a type in common use
which contains 19 electrodes (10 cathodes and 9 anodes); the cell is capable
of operating at DC currents to 20,000 amperes or higher on overload. The cover
and interior of the cell tank are of nickel-plated steel; the copper electrode
terminals are silver-plated to minimize contact resistance. Electrolyte level
is maintained automatically by an external float valve and temperature of the
cell is thermostatically controlled by regulating water flow through a cooling
jacket mounted on the rear of the cell tank. The product gases are cooled in
individual separators, returning condensate and electrolyte entrainment to the
cell through an overflow connection. A heavy sponge nickel plate is applied to
the anodes and the cathodes are treated to obtain a more active surface for -
electrolysis. A number of such uni-polar electrolysers are connected electrically
in series to form a cell battery as illustrated in Fig. 4. This small battery
has an output capacity of 4,000 cubic feet of hydrogen per hour. The cells
occupy approximately 120 square feet, to which is added approximately an equal
amount to allow for aisles and end spaces.

Pressure Electrolysis

Pressure electrolysers have been the subject of study and development for
more than fifty years and are noy available with a capability of delivering gases
at a pressure of 30 atmospheres. Operation at pressure requires that a very
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close balance be maintained at all times between hydrogen and oxygen chambers,

to avoid failure of the relatively weak asbestos diaphragm and consequent hazard-
ous mixing of the hydrogen and oxygen product. External auxiliary systems, which
form part of the gas separation and electrolyte recirculation systems,'are used
to maintain the pressure balance required. The electrolyte is circulated by
purping and is carefully filtered to avoid any blockage of the small

passages within the electrolyser unit by corrosion products or other

Impurities. Feed water must of course be introduced under pressure and

rate of load change carefully regulated. In spite of added complexity and

cost, there are obvious advantages to deriving both gases at a pressure
sufficient for storage and pressure electrolysers represent an engineering.
development of interest.

Electrical Efficiency

Fig. 6 illustrates a typical voltage-current/hydrogen output curve for
wncatalysed bi-polar and uni-polar cells. Hydrogen output commences at an
Impressed voltage of approximately 1.5 volts DC; small increments of voltage
result in relatively large increments of current or hydrogen output. The
rectifier voltage control therefore provides a precise means for regulation:
of gas production. It is apparent that, unlike many processes, there is a
gain in efficiency at lower levels of output. On the other hand, operation
at low current density requires more or larger electrolysers and therefore
increases capital cost. Every make of electrolyser possesses a unique
investment/efficiency characteristic and, for each hydrogen project, an
optimization study is obviously needed based on the power cost and other
conditions prevalling at site.

Operating Economics

At one time electrolytic plants consisted of large numbers of
relatively low amperage hydrogen cells requiring hand feeding, continuous
operator attendance and a good deal of space. Modern design has reduced
both capital and operating costs substantially. The guiding principles
for economy are as follows:

1. Operation should be entirely asutomated, with remote indication and
remote or automatic output control as desired.

2. Operation should be integrated fully with an existing electrical load
(either company or central station) using an automatic modulating
control to avoid imposing new peak power demandss A large number of
electrolytic installations on this continent operate in this manner
and power cost for electrolysis is reduced thereby to two~thirds or
one-half of plant average power cost.

3. Capital investment should be minimized by packaged construction and
by utilizing the inherent overload capability of electrolytic cells
(with some designs, up to 200% of normal). Recwrring peak hydrogen
demands, or variable power availlability, may thus be accommodated with
a less than proportionate impact on capital cost.
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k, Design and construction of the eléctrolytic cells should be sufficiently
rugged to provide the above operating flexibility, and to assure long
service life at good performence with a minimum of administrative and
maintenance attention.

5. Opportunities for the disposal or use of by-product oxygen should be
fully exploited.
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THE ELECTROLYSER CORPORATION LTD.

LARGE BI-POLAR ELECTROLYSER
TYPE -DE NORA - 10,000 Amperes D.C.

FIGURE 2
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UNI-POLAR ELECTROLYSER
Type -STUART — 20,000 Amperes DC.

FIGURE 3

111-80



THE ELECTROLYSER CORPORATION LTD.

UNI-POLAR CELL BATTERY
CAPACITY 4,000 CFH H3

FIGURE 4
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FIGURE 5
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Appendix III-B. Specifications and Descriptions of Some of
Teledyne Isotopes' Electrolyzer Systems
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The three basic models available in this series vary in hydrogen delivery
rates as shown in the table below. Specifications for the units are includ-
ed below as an example. The flexibility of these systems enables them

to be easily adapted to match generating station constraints, such as
hydrogen requirements, cooling water temperature, floor space availabil-
ity or generator locations. The total cost at a generating station to operate
the systems will range between $. 10 to $. 15 per hundred cubic feet of
hydrogen. Electric power is used at the rate of 19 kWh per hundred cubic
feet of hydrogen.

SPECIFICATIONS
MODEL MODEL MODEL
5 SLM 20 SLM 50 SLM
Hydrogen Production
(SLM) 5 20 50
(SCFH) : 11 41 106
(SCFD) 250 Jo00 2550
Hydrogen Delivery Pressure
(PSIG) 90-100 90-100 70-100
Oxygen Production
(SCFH) 5 20 50
(PSIG) 80-90 80-90 60-90
Electrical Input
VAC (60 Hz) 220 + 5% 220 + 5% 460 + 5%
Phase 1 1 3
KVA 3 8 20
Amp. Service 25 50 50

Make-up Water
(Distilled or equivalent)

(GPD) 3 12 20
Cooling Water 0

(GPM @ 60°F) - - 1.2
Ventilating Air 0 -

(CFM @ 40°C max.) 1000 1000 1000
Electrolyte (KOH) (Wt. %) 20 20 20

Inventory (GAL) 2.0 2.0 2.1
Cabinet Dimensions {ft.)

L. 5 5 6

w. 2 2 3

‘ H. 6 6 5

System Weight (ib. ) 800 1200 1500

SYSTEM DESCRIPTION

The Teledyne Isotopes gas generation system operates on the well-estab-
lished principle of water electrolysis which uses electric power to reduce
water to its basic constituents - hydrogen and oxygen. Unique features of
the Teledynre Isotopes system include the design and construction of the
electrolysis module, the controls, and the ability to deliver high purity
hydrogen. This design is the result of 15 years of research and develop-
ment on electrical systems, It can be considered a potential base load
builder for application in many processing industries.
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The basic system consists of two separate sections - the power conditioning
and controls section and a gas generating section. The smaller, air-cooled
units feature these partitioned sections within one cabinet whereas the water
cooled, 50 SLM generator is a two cabinet design. When the cabinet is
energized from a main disconnect switch, full hydrogen generation is auto-
. matically attained within 10 minutes. The system automatically respondsto
the small daily variations in make-up hydrogen requirements and requires
only routine monthly maintenance involving semi-skilled personnel. The
design and performance of the unit will satisfy most local safety and fire
insurance code requirements.
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IV. HYDROGEN TRANSMISSION

A. Introduction

The gas industry has a very: important asset in its natural gas
transmission system. The movement of energy in pipelines is acknow-
ledged to be one of the cheapest ways of energy transmission. In addi-
tion, because the system is buried underground, it does not arouse the
criticism of those environmentalists who are attempting to eliminate some
of the more unattractive visible evidence of modern technology from the
landscape. Transmission of hydrogen by underground pipelines can be a
valuable factor in justifying a hydrogen energy economy. The compari-
son we must draw is with electrical transmission because we are con-
sidering the use of hydrogen derived from nuclear energy rather than the
direct use of nuclear-based electricity. We have already seen that the
trend in nuclear plants will be to construct larger single plants or agglom-
erates and to site them remotely from the load centers because of the
safety and cooling requirements. In this section, we examine the tech-
nology that already exists in hydrogen pipelining and the application of
natural gas pipeline technology to hydrogen transmission, and derive some
estimated costs of transmission of large quantities of hydrogen over long
distances. We also consider the possibility of liquid-hydrogen transmis-

sion systems.

B. Need for Bulk Transmission

At present, all indications are that miniature nuclear power generators
for single customer use or even substation use will not be possible.
Once the smallest economical size of generator reaches a few hundred
megawatts, removal of the waste heat becomes a significant local problem
and forces the location of the plant into specific areas. Again, the
economy of scale takes over, and we find that nuclear-electric plants of
1000 MW (3.4 billion Btu/hr) output are becoming typical now, with fig-
ures of up to 10 times this amount predicted for the future. Since the
siting of such nuclear plants on large bodies of water is almost mandatory
for cooling purposes, we begin to observe that our energy production sites

will be large and remote.
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Our energy load centers are also large and concentrated, so an
immediate problem arises of transmitting energy from the concentrated
production site to the concentrated utilization site from whence more
diffuse distribution occurs. Thus, the concept of bulk energy transmis-
sion, already needed for natural gas and electricity, will also be even

more necessary for hydrogen.

A national energy grid offers a considerable advantage. Apart from
boosting the reliability of the system by linking in more generation points
and more routing options, thus cutting down some need for redundancy
of both generating and transmitting equipment, such a system will allow
some evening out of peakload demand from one area to another. Because
of the large distances involved in the U.S., a national electricity grid
does not exist, but area power pools have been formed with similar ob-
jectives. In smaller countries with a higher population density, such as
Great Britain, national electric grids are operating. Although the U.S.
has a comprehensive gas transmission network, it is by no means a
national grid because most lines are directly routed from supply sources
to individual load areas. Interconnections do occur, however, but the need
for a greatly interconnected system for reliability is less acute in an

underground system than in a more vulnerable overhead system.

We may ask whether natural gas pipeline routes today would be in
the right locations for hydrogen supply. If we wished to make use of
existing pipeline equipment, it would be reasonable to attempt to locate
the hydrogen generating stations along the existing routes. In some cases,
this will be ideal; in others, some spur lines will have to be laid. In
general, we can expect the majority of our generating stations to be off-
shore, with only those in the Gulf area being able to fully utilize existing
transmission line routes. A detailed generating station siting survey
should be undertaken in order to consider the many factors, such as
proximity to large-scale hydrogen customers, oxygen customers, cooling

water, and existing pipelines that would affect the choice.
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C. Present Status of Hydrogen Pipeline Technology

The transmission of hydrogen under pressure in large quantities is
an established industrial practice, but it is normally carried out over
very small distances. In many thousands of chemical plant and refinery
installations, hydrogen is piped from one plant to another in large-diameter
high-pressure pipes. So far there has been little need or incentive to
move hydrogen over great distances this way, but our investigation brought

some interesting installations to light,

Air Products & Chemicals, Inc., is building up the business of sup-
plying many industrial gases, including hydrogen, by pipeline to a customer
from an offsite plant. The following is extracted from Air Products &

Chemicals' 1970 Annual Stockholders' Report:

Industrial gases are produced and marketed throughout
most of the United States, the United Kingdom, Belgium,
The Netherlands, Germany, and France. Distribution
to a part of the industrial gas market, particularly the
steel and chemical industries, is accomplished by lo-
cating a plant near the customer and distributing gases
through pipelines.

Large volumes of oxygen, nitrogen, hydrogen, and car-
bon monoxide in a gaseous state are delivered by pipe-
lines to industrial plants located within relatively short
distances from the Company's plants. These sales are
made under contracts varying in length from 5 to 20
years which require the Company to have available
minimum stated quantities and which provide, in most
cases, for minimum monthly payments.

During 1970 the Company brought on-stream a record
capacity of new gas generating facilities, representing

an investment of more than $30 million. Much of this new
capacity has been sold under long-term contracts to
customers by direct pipeline.

Growth in the sales of hydrogen and carbon monoxide
pipeline gases from the Houston plant necessitates the
expansion of this facility by early 1972 to more than
twice its present capacity. The Company is exploring
other opportunities to expand its production of these
important basic gases for the process industries.

New long-term contracts were signed for onsite pipe-
line sales of industrial gases at the Europort area of
Rotterdam, The Netherlands. Construction is proceed-
ing on a large industrial gas complex for the manufac-
ture of oxygen, nitrogen, hydrogen, and carbon monoxide
to supply these and other pipeline customers and The
Netherlands merchant market.
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We discussed the subject of pipelining hydrogen with Air Products,

which went on record with the following statement:

Air Products uses pipelines to supply customers with
hydrogen, oxygen, nitrogen, and carbon monoxide.
The piping of hydrogen is handled in the same manner
as the other gases with no special precautions being
practiced specifically because it is hydrogen. The
longest hydrogen pipeline Air Products has in use is
approximately 12 miles and is an 8-inch line operat-
ing at a pressure of 200 psi. This is in the Houston
area. In our system we have in excess of 20 miles
of hydrogen pipelines of various sizes.

We also discussed the same topic with Linde Division of Union Carbide
Corporation. Linde told us that hydrogen gas pipelining in the 50 tons/
day scale for 1-2 miles is in current use. It foresees no problems in
extending the distances to the 50-100 mile range. The company proposed
at one time to pipe bulk hydrogen from Texas to the White Sands proving
grounds in New Mexico., The system was designed, but not constructed.
At present, Linde has pioneered a nationwide liquid-hydrogen ''transmission"

system using rail and road tank cars; this will be described later.

A comprehensive hydrogen pipeline network in the Ruhr area of
Germany is operated by Chemische Werke Huls AG and has a total length
of about 130 miles. An interesting account of the development history of

this network is given by Isting® and is extracted below:

In 1937, the availability of the necessary raw materials
was one of the controlling factors in Huel's selection of
the location at Marl on the northern border of the Ruhr
area. At this second German plant for the manufacture
of synthetic rubber, the hydrocarbons required for pro-
ducing acetylene and ethylene had to be made available
in adequate amounts over as short a supply route as
possible, These requirements could be met by the nei-
boring Scholven Chemie hydrogenation plants of
Bergwerksgesellschaft Hibernia (now Veba-Chemie AG,
Gelsenkirchen-Buer plant) and Gelsenberg Benzin AG in
Gelsenkirchen, where fuels were manufactured by coal
hydrogenation with the formation of large amounts of
off-gases containing methane and ethane (which can be
cracked in the electric arc to yield acetylene and ethylene).

Another controlling factor in the selection of Marl was
the presence in the Ruhr area of various coking plants
producing coke-oven gas, from which ethylenes could be
obtained in Linde-type gas separation units.
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Production at Huels started in 1940. Coincident with the
erection of the plant units, installation of the pipelines
needed for cooperation with the neighboring plants had
been started in 1938. Lines of 400 mm and 300 mm
nominal sizes to carry hydrogenation off-gases from the
Schloven and Gelsenberg hydrogenation plants to Huels
were laid over a total length of 23 km,

Only a very small proportion of the hydrogen also pro-
duced in the electric arc process is needed for captive
use at Huels, whereas the hydrogenation plants do need
large quantities., Pipelines of 300 mm and 200 mm
nominal size were therefore laid from Huels to Scholven
and Gelsenberg to route this hydrogen.

Because the amounts of ethylene available to Huels were
not sufficient, the firm erected its own coke-oven gas

separation unit to recover ethylene for itself. The nec-
essary gas was received from the Scholven hydrogenation
plant through a 300-mm 1l-km pipeline, as well as from
the Gewerkschaft Auguste Victoria coal mine at Marl-

Huels, and from Ruhrgas AG through 300-mm 4-km line.
The fuel gas required by Huels was supplied by Gewerk-
schaft Auguste-Victoria through another 300-mm pipeline.

All the pipelines mentioned so far were built between
1938 and 1940. An exception is the crude-ethylene
pipeline from Castrop-Rauxel to Marl, which was con-
structed in 1943,

After this development, the network totaled 347 km, and
there was an interchange of 12 different materials.

At Huels there was only a slight demand for the by-
product hydrogen mentioned earlier. Part of this

‘hydrogen went to the Gelsenkirchen-Buer plant of

Veba-Chemie and to Gelsenberg-Benzin AG in Gelsen-
kirchen. To dispose of the excess hydrogen, a sys-
tematic expansion of the hydrogen network was started
in 1954 with the object of connecting further consuming
plants. In the same year, Gewerkschaft Victor at
Castrop-Rauxel was connected up through a 200-mm
23-km pipeline. In the ensuing years, pipeline con-
nections to existing hydrogen lines were laid to Henkel
in Dusseldorf to Farbenfabriken Bayer at Krefeld-
Uerdingen, and at Leverkusen (150 mm) to Ruhrchemie
at Oberhausen-Holien (300 mm) as well as to Veba-
Chemie West at Wanne-Eickel (200 mm).

It was not long before further plants were tapped into
the system. The Esso refinery at Cologhe-Meikenich
also had hydrogen at its disposal, and so joined the
hydrogen network by installing a connecting line of 80
to 100 mm.
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In all, the expansion increased the length of the hydrogen

pipeline network by 165 to 204 km, and the total Huels

grid to 512 km. [Eighteen plants were linked and the num-

ber of materials being transported by pipeline was 12.

From correspondence with Chemische Werke Huls we determined that

the pipeline, with diameters from 6 to 12 inches, is designed for a
pressure of 240 psig and operates at a supply pressure of 150 psig. The
throughput of the system in February 1972 was 875 million SCF, corres-
ponding to an annual throughput of 10.5 billion SCF/yr or 3.4 trillion
Btu/yr. The pipeline system has no compressors along the pipeline and
is not equipped with any safety features in addition to those used in the
company's natural gas lines. The pipe is of seamless construction and
uses steel of the St.35.29 grade, which corresponds to SAE 1015 or 1016,

A map of the system is shown in Figure IV-1.
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Another hydrogen pipeline located in Johannesburg, South Africa, is

about 50 miles long.

Interestingly, none of the hydrogen pipelining systems that we have
found are long enough to require compressor stations along the line.
Although experience in design and operating the lines themselves already
exists, there is little precedent for compressor staging from which we
can observe typical design parameters, such as optimum pressure ratios
and spacings. We may observe, however, that pipelining hydrogen over
reasonable distances is already an active and growing practice. Some of
the pipelines pass through populated or commercial areas; suitable codes
of practice have been devised to allow this to be dome sé,fely, with the

approval of local authorities.

The question of the increased ''leakiness'' of hydrogen over natural
gas is a possible cause for concern. We have an analogy here with the
handling of helium, which is a low-density gas with diffusivity and leak-
age properties similar to those of hydrogen. Although helium is not a

hazardous gas, it is valuable enough that leakage cannot be tolerated.

As part of the U.S. Helium Conservation Program, a helium pipe-
line has been in operation connecting a number of helium extraction plants
in Kansas and Oklahoma with the Cliffside storage field, near Amarillo,

Texas. 2

The pipeline is 425 miles long, is 2 inches in diameter, and
operates at 1800 psi. The Bureau of Mines, which owns and operates
the 1ine, told us it had experienced no major difficulties in the operation
or maintenance of the system, which went into operation in December
1962 and has been in continuous service ever since. It is to be assumed
that helium leakage rates from this line have been reduced to small,

acceptable levels because of the value of the helium itself.

D. Materials for Hydrogen Pipelines

Recent trends in chemical engineering technology have made increas-
ing use of hydrogen under high pressures and at elevated temperatures.
Because of this, results of tests on materials compatibility have been
collected and published.'® These data can be used to establish practical

limits for the use of many carbon and alloy steels,
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Figure IV-2 indicates the service life data for a number of steels at
various conditions of exposure to hydrogen. It indicates that, over a
very wide range of hydrogen pressures, hydrogen exposure does not pre-

sent problems below 400°F, even for carbon steels.

Existing hydrogen lines constructed of mild steels have not exhibited
hydrogen embrittlement problems. Hydrogen embrittlement does cause
troubles with conventional natural gas pipelines under conditions of cor-
rosive attack. In these cases, ''atomic hydrogen' formed at the corrosion
site can and does penetrate into the lattice structure of the steel. On
the other hand, molecular hydrogen inside a pipe will be unable to pene-
trate at normal operating temperatures and pressures (below 2000 psia)

and presents no additional problems in causing intergranular embrittlement.

However, in examining this question of materials compatibility with
hydrogen, an area of concern was identified and looked into in prelim-
inary detail. A relatively recently observed phenomenon, under present
investigation by the National Aeronautics and Space Administration (NASA),

has been termed 'hydrogen environment embrittlement, "

The term ''environment' is used because the phenomenon under study
relates to the effect of hydrogen on the surface of materials. This is
as opposed to other embrittlement phenomena, better known than this en-

vironmental effect, in which hydrogen presence within the material is the

cause of difficulties in some materials. This latter could be referred

to as ''classical embrittlement. "

Over the period of the last 5 or 6 years, various NASA facilities
experienced a rash of failures in high-pressure hydrogen storage vessels
which were operating well within design limits. In every case the hydro-
gen was of high purity, typically derived as boil-off from liquid hydrogen,
which is at very high purity as a result of the low cryogenic temperatures
at which all possible contaminants (with the exception of helium) have
been removed as solids. These failures were frequently in the welded
sections of vessels that were made up of assembled sections, such as
cylindrical sections plus end pieces with fabricated bosses. (This is a
significant point because the normal, commercial high-pressure steel
"bottle' is typically a one-piece, forged unit; so far, these vessels have

not experienced the hydrogen enviromment embrittlement failures.
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Based on these incidents, NASA Headquarters initiated an inter-Center
study of the hydrogen environment embrittlement failure mechanism sev-
eral years ago. Both contracted efforts and NASA in-house investigations
were launched, and are continuing at Marshall Space Flight Center,
Huntsville, Ala.; Lewis Research Center, Cleveland, Ohio; and the Ames
Research Center, Mountain View, Calif.; and under contract by the
Rocketdyne Division of North American Rockwell and the Pratt & Whitney
Aircraft Division of United Aircraft Corporation. A previously published
report by Rocketdyne’ was found to be very helpful in obtaining background

information.

We discussed the problem with NASA Headquarters, Marshall Space
Flight Center, and the Lewis Research Center. We were shown a spec-
imen of high-strength pressure vessel material, A-302, Grade B, which
demonstrated the surface cracking mode of failure under temsion. This
sample showed a great number of circumferential cracks in the area where
the cross section had been reduced. The tension specimen tested in
10, 000-psi pure hydrogen failed because of cracking. A similar specimen
subjected to tension in a high-pressure air environment showed no cracks,

failing in simple tension at comsiderably higher levels of induced stress.

NASA indicated that the failed pressure vessels noted earlier all had
similar surface cracking in the vicinity of the ultimate failure. However,
the specific mechanism for cracking has apparently not yet been identified.
A rough correlation has been achieved, however, between the appearance
of the cracked area and the degree of severity with which a given material
is attacked. A ranking of "extremely, severely, moderately, etc.,'' is

used to denote this degree of severity by the research personnel.

Where a case of "extreme' hydrogen attack is noted, as for certain
high-strength Maraging steels, only a few very large cracks are usually
noted, with one of these developing into a tensile fracture. On the other
hand, ''moderately' attacked metals such as the metastable stainless
steels of the austenitic family, e.g., SS-304, 305, and 310, show a large

number of shallow cracks under hydrogen exposure.
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A listing of a number of materials grouped by the degree of severity

of the hydrogen environment is presented in Table IV-1,

Table IV-1. MATERIALS GROUPED BY SUSCEPTIBILITY
TO HYDROGEN ENVIRONMENT EMBRITTLEMENT

(Source: H. Gray, Materials and Structures Division,
NASA Lewis Research Center)

Extremely Susceptible to Attack High strength steels
Maraging
410, 440C, 430F
H-11, 4140

17-4PH, 17-7PH

Severely Attacked Nickel and nickel alloys
Nickel 200, 270
Inconel 625, 70, 718
Rene 41
Hastelloy X
Waspalloy, Udimet 700

Titanium alloys
Ti-6A1-4V
Ti-5A1-2.55n

NOTE: The performance of |—> Low-strength steels
pipeline steels of the X42... Armco Iron, HY-100
X65 series with 0.26-0.31% 1042, A-302, A-517
C is anticipated to be in this

grouping. Cobalt alloys

S-816, HS-188

Moderately Attacked Metastable stainless steels
3041, 305, 310

Not Attacked K-Monel
Be-Cu Alloy 25
Pure titanium
Aluminum and copper alloys
Stable austenitic stainless steels

316, 347, A-286 |

Note that typical low-strength steels (as used in pipelines) are listed as
"severely attacked.'" However, it should be emphasized that the actual
conditions for hydrogen environment embrittlement should be further ex-
amined in order to determine whether or not they exist in typical pipe-

line operation.
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Limited work on hydrogen environment embrittlement has been noted
in mild carbon steels used in gas pipelines. Some German work? limited
to studies of ductility loss (reduction in area) dealt with steels of this
class and reported effects on hydrogen environment embrittlement. More

work focused on the specific pipeline conditions and materials is needed.

In the contacts with NASA, and as derived from Reference 7, a num-
ber of conditions are seen which characterize the failures. Among these
are the following:

L Temperature: Room temperature hydrogen is the most severe case;

the problem does not occur at cryogenic temperatures, nor above
about 1200°F,

e Pressure: Failures are more severe at high pressure, with one
correlation attempted showing a pressure to the one-half power re-
lationship with attack severity.

e Hydrogen Purity: Hydrogen of high purity appears to offer the worst
condition for attack. Oxygen as an impurity at O. 6-0.7% and even
lower concentrations has been noted to completely inhibit hydrogen
attack by preferential combination with any freshly yielded metal
areas. Moisture has a similar effect, but is far less effective than

oxygen.

Another condition that appears to be necessary for hydrogen environ-
ment embrittlement to occur is that the metal must undergo local or
general yielding in the presence of hydrogen. That is, failures have
not been experienced in cases of elastic straining of pressure vessels
and test specimens. In the case of the pressure vessels that initially
failed, causing attention to be given to the problem, it is suspected that
local inelastic straining in the areas of discontinuities and weld-associated

induced stresses had occurred in the regions of materials failure.

This observation suggests that it may be the welded joints of pipe-
lines where a close examination for susceptibility of hydrogen environment

effects should be made in future work.

Hydrogen environment embrittlement has thus been identified as a
potential problem that must be addressed in future study of the hydrogen-
energy transmission concept. Although materials of construction currently
used in pipelines and in the many other components that must be con-
sidered in view of their potential exposure to hydrogen once in service

have been demonstrated to be susceptible to this mode of metal failure,
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whether this is a ''real" problem of concern or not is unclear at this
moment. Consider the very large amount of hydrogen containers and
processing pipeline that has survived many years of service without
failures being noted. Neither Linde Division of Union Carbide Corpora-
tion nor Air Products & Chemicals, Inc., has expressed evidence or
concern that hydrogen environment embrittlement in hydrogen equipment
is a problem. Indeed, the German hydrogen pipeline system referred

to earlier has operated without failure since 1940.

What is suggested is a deepening of the preliminary inquiry made so
far into the potential problem area. Some simple materials testing of
pipeline steel, both parent and welds (both weld body and heat-affected
zones) could be examined in the hydrogen environment in a simple appar-
atus. This phenomenon is under active study by NASA. A parallel
study to ensure that typical pipeline conditions and materials are included

is required.

E. Compressor Design

L'nree iypes of compressors are applicable for service in hydrogen

pipelines:
1. Piston, or reciprocating compressors
2. Radial turbocompressors or centrifugal compressors

3. Screw compressors
Axial turbocompressors might become worth considering if very large

volumes are handled.
All of these types can handle hydiugeu wiihout significant changes

from the basic design used for natural gas, but limits are imposed by
the capacity requirements, operating pressures, pressure ratios, and

pressure differences.
Reciprocating compressors present the simplest casc. No problems

are anticipated in operating them at any pressure, but because they are
positive-displacement machines, their size must be increased in the in-
verse ratio of the volumetric heating value of the gas at the operating
pressure to deliver the same energy content. For hydrogen, this nearly
fourfold increase might be uneconomical. Existing reciprocating com-
pressors will be too small to handle the same energy throughput of hydrogen
as they carry with natural gas. They will deliver 26% of the energy
capacity at 750 psi.
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Because no special design changes are required for natural gas
reciprocating compressors converted to hydrogen service, we can make
a good comparison of their behavior when handling the two different gases.
After lengthy calculations, which appear in Appendix IV-A, we concluded
that —

a. For the same pressure ratio, the volumetric efficiency will not
change appreciably.

b. The relative volumetric efficiency will improve for hydrogen if the
compressor is operated at lower pressure ratios.

c. The adiabatic efficiency on hydrogen will be higher than on natural
gas at the same pressure ratio, while at lower pressure ratios, the
adiabatic efficiencies on hydrogen and natural gas will be equal.

For radial turbocompressors, the limiting factor is the pressure
ratio achievable in one stage. This is because this type of machine
converts kinetic energy into a pressure head, and the pressure ratio is
directly proportional to the rotor tip speed and dependent on a) the phys-
ical properties of the gas and b) the rotor and diffuser geometries. For
such a light gas as hydrogen, achievable pressure ratios are far lower
than obtainable with natural gas at the same tip speed. The maximum tip

speed is limited by the mechanical properties of the rotor.

A radial turbocompressor designed to handle natural gas at a pres-
sure ratio of 1.3 at a rotor tip speed of 800 ft/s would only generate a
pressure ratio of 1.027 on hydrogen. If the rotor tip speed could be
increased, for example, to 1300 ft/s, a pressure ratio of only 1l.075
could be reached. To achieve a pressure ratio of 1.3, a tip speed of
about 2500 ft/s is required; even with complete redesign, this is not

attainable.

One way of achieving higher pressure ratios is to construct a multi-
stage compressor. Pressure ratios of 1.3 would require seven or eight
stages at conventional speeds. However, until complete pipeline optimi-
zation studies are completed, it is not clear that such high pressure
ratios are optimum for hydrogen, as they are for natural gas. Because
the volume of gas handled by a turbocompressor is fixed by the blade
geometry and rotation speed, the volume capacity of a given machine will
be the same for both gases, so the energy throughput on hydrogen is

smaller than that on natural gas in inverse proportion to the gas heating
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values. The maximum energy throughput on hydrogen will be 26% that
of natural gas at 750 psi. Because of the lower density of hydrogen, it
will tend to leak back around the rotor; thus, the efficiency of a com-
pressor designed for natural gas, when operated on hydrogen, is expected
to decrease. Nevertheless, properly designed compressors for hydrogen

service should have efficiencies as high as those for natural gas.

Screw compressors have not been used in very high-pressure appli-
cations (above about 600 psi). However, they combine the valuable
features of both positive-displacement and dynamic machines, and are
"oil free.' Therefore, if developed for higher pressure application, they

could be valuable for hydrogen pipeline service.

F. Hydrogen Pipeline Design

A thorough search of the available literature failed to identify a
design system for a hydrogen pipeline analogous to those in use for
natural gas today. We know of only one theoretical paper'® which deals
with the capacity and pumping energy of a hydrogen pipeline, but this is
not devoted to hydrogen transmission specifically, and is restricted to
dealing with a 20-inch pipeline. We therefore had to carry out our own
calculations from first principles in order to compare the capacities and

costs of hydrogen and natural gas transmission lines.

We set out first to determine the behavior of an existing natural gas
pipeline if it were converted to carry hydrogen. We wanted to know the
capacity of the line with no mechanical modifications and the effect of
the conversion on capacity of various possible modifications to compressor
equipment. We carried out these calculations on a ""compression section'
(a length of pipeline between two compressor stations) in a hypothetical
pipeline. We then carried out a brief cost analysis of such a compres-
sion section, with cooperation from a pipeline company (Natural Gas
Pipeline Company) and a compressor manufacturer (Ingersoll-Rand Company)
and were able to estimate the costs of constructing and operating such a

pipeline.

The calculations required to carry out the exercises outlined above
were lengthy and detailed. They are summarized here very briefly, and

worked through in more detail in Appendix IV-A.
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At the outset of the study, we used data taken from Reference 13
which suggested that, for natural gas pipelines, compressor pressure
ratios of about 1.3 are normally used. Applying this figure to data pro-
vided by Natural Gas Pipeline, which indicated that typical pressure drops
were about 3 psi/mile and typical average operating pressures were about
750 psig, we determined a compressor station spacing of 65 miles.

Thus, our assumed reference conditions for the natural gas compression

section are —

Pressure Ratio, T{NG 1.3
Average Pressure Drop, AP 3 psi/mile
Average Pressure, Pavg 750 psig

0
Average Temperature, Tavg 520°R
Average Compression Section Length, L 65 miles

Other reference data we assumed are given in Table IV-2.

In subsequent discussions we observed that many natural gas pipeline
compressors are operated at pressure ratios of about 1.5. With the
same average pressures and pressure drops as noted before, this re-
quires a compressor spacing of about 100 miles. For hydrogen, optimum
pressure ratios and spacings are unlikely to be the same as for natural
gas, but we have been unable to optimize them within the scope of this
study. Meanwhile, our calculations are based upon an actual compres-
sion section of 65 miles. We have extrapolated data, where necessary,

to yield figures appropriate to a 100-mile distance.

To evaluate the comparative throughput capacity of a compression
section on hydrogen and natural gas, we had to make assumptions about
the relative volumetric efficiencies of the compressors operating on each
gas. For reciprocating compressors, we assumed the identical machine,
running at the same speed, would be used; after a lengthy calculation,
we determined that the volumetric efficiencies were 90% and 89% on
natural gas and hydrogen if the pressure ratios were the same. For
radial turbocompressors we observed that the efficiency was determined
by the matching of the tip speed with the physical characteristics of the

gas and that inferior performance would be obtained if a compressor
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designed for natural gas were operated on hydrogen. We therefore as-
sumed that a radial turbocompressor would be replaced by one designed
expressly for hydrogen and would then have the same efficiency. Thus,
we assumed that the compressor efficiencies would be the same for both

gases in all cases.

Using the basic flow equations for a pipeline, we calculated the
volumetric flow capacity of the compression section for natural gas and
hydrogen. In order to determine the relative energy transmission capacity
(the Btu/hr transmitted), we had to consider the relative heating
values (Btu/CF) of the two gases. At atmospheric pressure, these are
roughly in the hydrogen/natural gas ratio of 1:3. However, due to the
different compressibility factors, this ratio changes as the pressure is
increased. We determined the appropriate ratio at different pressures;
at 750 psig it is 1:3.83. We also required data on the specific heat
- ratio for hydrogen over a wide pressure range and extrapolated to high
pressures the data we could find in the literature, which were confined

to below 100 atm.

The results of these calculations are displayed in Figure Iv-3, which
shows the relative energy delivery rates on hydrogen and natural gas of-
pipelines operating at different average pressures. Two sets of curves
are superimposed: One set shows the effect of varying the compressor
capacity (i.e., the swept volume of the compressor) while the other shows
the effect of varying the compressor input horsepower. Both of these '
values are given as relative numbers, referred to 1.0 as the standard con-

dition for the original pipeline.

From this curve we can interpolate the relative energy carrying
capacities of pipeline sections at any given pressure from 100 to 6000
psia if no changes are made to compressor capacities. We can also
determine a) what would be the effect of changing either the engine horse-
power or the compressor swept volume and b) what changes in compressor
equipment are needed in order to give the pipeline its original energy-

carrying capacity.
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Some points of interest are summarized in Table IV-3, which indi-
cates that an unmodified natural gas line would be severely reduced in
capacity, to about 26% of its original value, if hydrogen was to be sub-
stituted without modification.

Table IV-3. RELATIVE CAPACITY OF TRANSMISSION LINE
ON HYDROGEN AND NATURAL GAS AT 750 psia

Compressor Compressor Energy
Gas Capacity Horsepower Delivery Rate
Natural 1.0 1.0 1.0
Hydrogen 1.0 0.1 0.26
2.1 1.0 0.56
3.8 5.5 1.0

Note that these figures relate to the assumption that compres.sor efficiency
is unchanged, valid only for reciprocating compressors and not for radial
turbocompressors. Table IV-3 also indicates that modifications in both
the compressor and the engines must be made in order to recover the
original capacity of the line. In this case, turbocompressors would be
replaced with custom-designed equipment intended for hydrogen service.
Considerable benefit would result from operating the line at a higher pres-

sure, but this is considered impracticable for existing pipelines.

We calculate that a turbocompressor operating at its original fixed
speed would deliver a pressure ratio of only 1.027. Assuming that the
reduced flow rate does not in turn reduce this ratio still further and
neglecting the lower efficiency anticipated with hydrogen, the capacity of
the pipeline would thus be reduced to 24% or less if no modifications

were made.

Nothing can be learned from Figure IV-3 about the effect of adding
extra compressor stations at intermediate points, which must be studied
separately, or of increasing the number of parallel pipelines between
existing compressor stations. In the latter case, we were able to calcu-
late the changes in compressor capacity and engine input required in
order to deliver the original energy capacity of the pipeline, using one,
two, three, or four parallel lines of the same diameter as the original,
The use of multiple pipelines has the effect of reducing the pressure
ratio at the compressors, clearly an advantage if turbocompressors are

used. These data are summarized in Figure IV-4. At 750 psia, we
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note that very considerable reduction in compressor horsepower is
obtained if more than one parallel line is used, though the compressor

swept volume requirement is unchanged.

Further analysis of the preferred changes in an existing pipeline
necessary to operate it on hydrogen must be carried out for each system
on a custom design basis. The basic equations required to do this are
now available in Appendix IV-A. We can summarize our findings so far

in the following way:
e Reciprocating compressors will operate satisfactorily on hydrogen.

e Radial turbocompressors will not operate properly on hydrogen and
must be replaced with turbocompressors specifically designed for
hydrogen service.

e  Without modifications, an existing natural gas pipeline equipped with
reciprocating compressors will exhibit a marked reduction in capacity
on hydrogen on an energy basis.

e To restore the original energy capacity of such a pipeline, both the
compressors and their engines will have to be augmented.

¢ The addition of extra pipelines in parallel will allow the same engine
horsepower to be used, with extra compressor capacity still being
required.

The existing transmission systems for natural gas have been optimized
for operation on a very cheap fuel, and therefore we have observed that
the design is such that capital or installation costs are kept to a minimum.
If we substitute hydrogen, at a cost of $3. 00/million Btu for natural
gas at a cost of, say, $0.25/million Btu as a compressor fuel, the
optimization becomes very sensitive to fuel costs, and the actual capital

costs are likely to be somewhat higher in a fully optimized system.

_ Thus, very misleading and pessimistic results are obtained if we
try to calculate the operating costs of existing pipeline systems
converted to natural gas simply by modifying the compressor stations.
It is very important to recalculate from first principles the actual costs
of moving hydrogen in a pipeline system fully optimized for hydrogen,
in which the compressor stations, the station spacing, the pipe diameters,

and the number of parallel pipes are all variable.
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Evidently then, to take greatest advantage of the potentially low
transmission cost of hydrogen, a new, specially designed system is
required. In many cases, parts of an existing system will be useful,
augmented by extra equipment in an appropriate way. We carried out a
cost analysis of a compressor section optimized for operation on hydro-
gen, but staying with the basic assumptions of compressor spacing assumed
before. To carry out a full optimization in which these variables too
are optimized, a long iterative calculation is necessary, requiring feed-
back of compressor design data. Such computations were outside the

scope of the present study.

We calculated the compression section transmission cost from data
and methods suggested by Natural Gas Pipeline Company, using its
suggested pipeline materials costs and depreciation rates, and its station
operating cost. We assumed properly designed radial turbocompressors
and gas turbines for hydrogen service, and obtained cost estimates for
these from Ingersoll-Rand. We assumed the cost of hydrogen to be used
as a fuel for the compressor engines would be $3.00/million Btu, but
also carried out calculations for $1.00 and $2. 00/million Btu fuel costs
to determine the sensitivity of costs to this rather uncertain variable.
The costs were calculated for pipe sizes of 24, 30, 36, and 42 inches,
and were carried out for one, two, three, and four parallel pipelines —
corresponding to a reduction in the operating pressure ratio, using a

figure of 1.3 for a single pipe as a reference point.

The results are tabulated in Table IV-4 and are plotted in Figures
IV-5 to IV-8 for each of four operating pressures. To summarize all
these results, we plotted the minimum of these curves, or minimum
transmission costs, for pressures of 750 and 2000 psia, based on a
fuel cost of $3.00/million Btu, against the maximum throughput of the
pipeline to which the cost referred. To obtain comparative units, we
linearly extrapolated our cost data for a 65-mile section to a ''cents per

million Btu per 100 mile"

basis. These data are shown in Figure IV-9,
In comparing these data with typical natural gas transmission costs, we
encountered difficulty in obtaining up-to-date figures. An average cur-
rent value for natural gas for a high-throughput line is about 1l.5¢/million
Btu per 100 miles. We also obtained some l0-year-old transmission
cost data® from the Natural Gas Pipeline Company (Figure IV-10), and
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AVERAGE PRESSURE,
750 psia

FUEL COSTS PIPE DIAMETER,
— 0 0 in.
———= A $1/10° Btu
—.— 0 $2/10° Btu
—— v $3/10° Btu

HYDROGEN TRANSMISSION COST FOR 65 MILES, ¢/10° Btu

NUMBER OF PARALLEL PIPES

D-62-535

Figure IV-5. HYDROGEN TRANSMISSION COST FOR
AVERAGE PRESSURE OF 750 psia
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HYDROGEN TRANSMISSION COST FOR 65 MILES, ¢/10° Btu

AVERAGE PRESSURE, 1000 psia

FUEL COSTS
O o
———— A $1/10% Btu

—-— O §2/10° Btu
—— 7 $3/10°% Btu

D 2D 3D
NUMBER OF PARALLEL PIPES

Figure IV-6. HYDROGEN TRANSMISSION COST FOR
AVERAGE PRESSURE OF 1000 psia
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HYDROGEN TRANSMISSION COST FOR 65 MILES, ¢/10® Btu

T T
PIPE DIAMETER,
n.
AVERAGE PRESSURE,
1500 psia l
6
FUEL COSTS
—o0 ©
——— A $1/108 Btu
—— 0o § 2/108 Btu
5| ——v $ 3/10° Btu
4
3
2
I
0

D 2D 3D 4D

NUMBER OF PARALLEL PIPES D-62-537

Figure IV-7. HYDROGEN TRANSMISSION COST FOR
: AVERAGE PRESSURE OF 1500 psia
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