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INTRODUC TION
EXECUTIVE SUMMARY

Because of the , our energy

supply pattern will 

One change is that 
tion to the other things we 
of energy which we use will inexhaustible
supplies such as nuclear energy will 
These changes will precipitate a , which

themselves will pollution
or to minimize 
environment.

One of the 
system based upon a 

and fully recyclable materials 
fuels that can be considered, the most 

gen. An , dis-

tribution, and The Hydrogen Economy.

There is growing 

dustrial companies, the U. , the Atomic 

the American , and 

The feasibility 
major problems, many 

their 
for the 

production, transmission, distribution, and 
ultimately take the place of 
fossil fuel supplies 

the feasibility of , to 

tables involved, and to 

That , commenced 

The study involved not 
ing information from the 
calculations for , but also extensive dis-

cussions with representatives of both 
which are users of hydrogen, and the 



major problems 

people, this study would not have 

To report , we have chosen 

tailed 
Because of the length of that volume, this summary 
pared to cover some 
Inevitably, the 
report and treats 

found in the body of the report, which 

summary report.

THE NEED FOR 

Many studies 
doubtedly many more will 
differing conclusions, they reach a broad consensus 

fuels - gas oil, shale, and coal - 

until they , after which time, the rate of 

will decline. 
states is occurring now. recent study of 

basis, carried out by 
Corp., has 

tion and various estimates for 
case they show that 
21st century, or within 50- 80 years from now. 
all the world' s coal, for example, will have , but that

the rate at which all fossil 
that time, so 

The only new energy fill the 
on present and immediate future 
duce the vast amounts , the breeder

reactor, and ultimately , will have to be developed

because the natural 
Solar energy may also 
opments are necessary. 

energy sources to 
form in 



Most of the current 
converting nuclear energy into electrical 
consumer. As , due 

heat release requirements and , become greater

longer transmis sion lines are 

nuclear power , about 5000

to 10, 000 MW, again requiring large, high-capacity transmis sion 

Among recent 
in modular , built by 

livered to ocean-cooled 

Tenneco have teamed up to 

stations of the future being large installations, remotely 
or actually in, large bodies of 

In the U. 

at more 
ing. The 71) appears to be 

but is still 
fossil fuels. 
will assist this trend. , such a trend 

ing because electric , today costs 7- 3/4 times as

much as natural gas , for example. 
grounds because a unit 
user, has required between 3 and 4 times 
its generation and , energy use 

not completely dominated by either 

resources.

One of the 
transmission of 
duced by the remotely 

urban areas where 
transmission equipment and maintenance, there 

the aesthetic effect of 
of storage requirements: At present, there 

quantities of electrical 

purposes.



In the fos , we are accustomed 

as a storage and transmission 

to fill up 
take for granted the , of huge 

natural gas for winter heating on a severely cold 

examples is easily available in an all-electric 
absence of electric 
ienced in keeping up the electricity , for example, New York

City on its peak 
synthetic chemical fuel that will 

Lower cost transmis 
Underground or 

Storage for peakshaving

Of the various chemical , we must 

to those , so 

can be deposited into 
available to us, hydrogen 

easiest to use. 
and atmospheric nitrogen. Methanol or even hydrocarbons might be

synthesized from 
from the 

Hydrogen is the , burning 

with the possibility, 
tion from the , water 

sufficiently s crust that no disturbance

would be caused by consuming water at 

ating it in the 

VVe can therefore 

universal" fuel to replace natural gas and the other fossil 
become scarce or 
lems and economics 



II. SCENARIO" FOR THE 

To set 
we have 
years from now, assuming 

ing. scenario" technique of 

allows one to foresee 

In the "Hydrogen Economy, " hydrogen 

energy by today s known 
current electric 
trolyze water 
(in comparison to today s figures of between 
will also be developed for 

directly.

Hydrogen will be 

and more. 
ing, and 

operate better on hydrogen. Fuel cells that use 
simpler and cheaper than those that use 
already mentioned, 
ing of which produces only water. 

the environment will be considerable.

Hydrogen will be , possibly offshore

power stations in pressure 
used for natural , the same 

used, with 
be no insurmountable problems in 

in networks similar to s natural gas. 
safety considerations are necessary, but 

The cost of 
system is 

This advantage 

hydrogen. Today s costs of 

equipment are shown in Figure which presents 
A. G. A. distance axis are

,f'
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ENERGY 

the combined 

included in the pipeline cost per mile. 

hydrogen production and transmis sion facilities, using advanced 
lyzer cost data as the "terminal cost" and a 

pipeline cost of natural gas to 

station capacity required. 
ing it as 

or even 

alternative.

We computed the average 

and distribution of gas 
taxes, and profits , from 
By conventional utility financing techniques, we estimated the 

production of hydrogen, based on advanced electrolyzer 
the 1970 average U. 
We estimated the cost of transmission of 
calculations that optimized 

6 times that of natural gas, allowing for the 



requirements and hydrogen 

all these data s prices, hydrogen energy

could be delivered to 
than electricity can be 

Table 
(Source: 1970 Data From the 

Electricity Natural Gas 

$ / 

Production 2. 67i~ O. 17

Transmis sion O. 61

Distribution 1. 61 0; 2 7

Total

2. 95- 23 t

52*

81-

Equivalent to 

t Assuming power 

:!:

Assuming pipeline 
fuel in optimized pipeIines compared to natural gas 

The quantities of 
will be , if we 

place the 1970 natural gas 

hydrogen per year. 

MW of electrical , the 

acity in 1970 36 million only
6% lyre 

of hydrogen will be large, about 
small in 
20 billion gallons , or 540 

gallons / day for , the growth 

system is very 

power stations , and 

Because of the supreme , consider-

ation might be 
by the relative 
produced from coal, oil, and 



gas, and we 
ing on , hydrogen, that is

compatible with future energy forms , solar, and geothermal.

III. HYDROGEN PRODUCTION

We examined in detail the 
from electric 
fuels. The 

of water. 
of the world , mainly

supplying hydrogen to the 

plants is as large as 
struction and 
plants 100 MW, within a factor of 10 of 

imagine as a 

The efficiency of present 60- 7010 based on the ratio
of the fuel value of 
of the special , it is theo-

retically pos sible to 

ings and thus produces about 
energy , it should be possible to develop a plant

that would 10010 efficiency, based 
input, and 
the literature indicate 
electrode design, operating under severe conditions, have achieved 

condition, but there 
Research directed toward increasing 
capital cost of electrolysis 

The cost of 
on the cost of electric power. Allis- Chalmers and Oak 
Laboratory carried 

1966, and derived a cost , 000 lb/hr 
of about $40 million. 

power stations required to 
was based upon some rather 
low cost of electric , compared 



cost of over 
duction cost of $1. 03/million Btu. 

derived a cost range of $2. 00- $3. 20 if power is available at 4 mills-
mills/kWhr - 

at uniform 

We then made 
technology, including a reduction of 

of electrical efficiency 

tion on the basis 
d-c conversion equipment, which can be 

homopolar generator is developed, as General 

is possible. 
term research and 
cells as it already has 

Assuming these , we 

hydrogen of between $ 
to 7 mills/kWhr and a 95 at today s average power produc-

tion cost. 
ment inve 

Another means of 
splitting to 
Work on thermochemical water-splitting is 
Laboratories in Italy 
By this process, water 
consume heat energy directly from 
oxygen are 

products are completely recycled within 
processes proposed, all appear to require the use of 

chemicals at 
is fertile for further experimentation, but no conclusions can yet be

drawn about cost or practical 
the efficiency of a single thermal 
and is not subject 

nuclear-electric 



IV. HYDROGEN 

Hydrogen is 

pipes operating at up to 1200 

Africa operate 
eter and pressures up , over 

One network of 
As an example , with leakage 

to hydrogen, is handled, a 425-mile helium 

Kansas to 

intermediate compressor 

We find no reason to 
not compatible with hydrogen. 
does not occur at 
pipelines, except in the presence of " atomic hydrogen" produced, for in-

stance , by corrosion processes. 
up to 2000 psi at 

temperature. We , known as

environment embrittlement " observed and being s re-

search laboratories. This fracture 
with the presence 
steel surface subject to yielding 

for concern to 

pear to have caused problems , for instance, with the 

German hydrogen pipeline systems, the 
oneration since 

We determined the energy-carrying 

natural gas pipeline if it were 
different compressibilities of , the capacity

ratio of the pipe itself , but is only 

for hydrogen than for natural 

capacity would be inadequate to handle the extra 

carry the same 
increased. In summary, , without modification, operated

on hydrogen would carry 2610 of the energy, but would require only

1010 of the , as with natural 

same energy , at the , the



compres sor capacity 

by 5. 5 times. , especially in 

ment, result 

We then carried 
pression , for oper-

ation on hydrogen. 
because it , but we derived

the necessary 
preliminary 
psia is between 3~ 

costs for natural gas of about 1~ to , at

throughputs of 300 to 500 trillion Btu/year 

Btu cost of hydrogen as 
sure to 2000 psia 

costs are from 
summarized in Figure 

Compressors specifically 
ferent from those for 
ratio in a single-stage radial 

stage compressors with 
turbocompressors are attractive for 
pressor, not normally used , would combine 

of positive 

An interesting possibility exists for 
transmission 
power. Liquid-hydrogen transmission 
expensive, as does a helium-cooled , but, as

a long- term pos 

The estimated costs of 
2. 5~and 5. ~/million Btu per 
the average 
tween 10. 0~ and 30. 0~/million Btu per 100 miles.
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HYDROGEN STORAGE

One of the great 
trical , as 

for peakshaving on a packing will prob-

ably be unimportant as a 

pipeline will contain only about one-quarter of 
line at the 
hibitively expensive 
hydrogen technology has grown rapidly 

the other hand, 
fields, in aquifer storage, 
omical and practical. 

hydrogen

storage and liquid-natural- 



Because of F), con-

siderably more cost is 
gas. 

LH2 / LNG

, $ 

for same Btu

Liquefaction Plant
Liquefaction Energy
Storage Tank*

2. 8

2. 0

Based on 0. 4 X 1012 Btu capacity 
smaller ratio for 

The largest liquid-hydrogen tank in the 
stores about , or 38 , of hydrogen. 

sive as this is, it 
tank containing about 2000 billion 
storage capacity with the world' s largest electrical storage 

pumped hydroelectric plant at Ludington, Michigan 
Liquid hydrogen for peakshaving storage appears 

tainty, but could cost over 

As already mentioned, underground 

gas and oil fields or in 
economically feasible. tight for methane, they
will be gas -tight for hydrogen, as the seal 

capillary effect and is 

umes of 
for many years at Beynes, near Paris, for 

storage of 12 

at about 700 psia quarter of 
hydrogen as with natural gas.

Thirty billion 
near Amarillo, Texas.

If hydrogen is to , small-
scale portable storage is required. 

technically feasible, but 

accident conditions should be 
ditions, both transfer operations and over- the-road trucking are carried
out today on a routine basis.



The great bulk of 
over hydrocarbon fuels, but to-weight ratio 

times that of 
of hydrogen occupies 4 times 

much as 
transportation, the low weight 

Chemical storage as 
hydrides - can be 

problems if it 
Metal hydrides are, at present still rather a 
drogen. 
Laboratory and at 
mented. 
pressure 
cable to hydrogen.

v!. HYDROGEN DISTRIBUTION

A public distribution system for pure 
present, although , which con-

tains up to 5010 hydrogen, is valuable and suggests 

feasible. Because 

laminar rather than turbulent, the increased requirements 

sion system do not apply to a distribution system. 
capacity of an existing system operating 
would be within 610 of its capacity with natural gas. 
rials are compatible with hydrogen. 
pipes is from 5 . ac-

cording to materials, the absolute loss rates are 

from both a cost , PVC 

polyethylene pipe are superior 

Safety is a major 
odorant and possibly a flame 

detected easily. 

poisoning of catalytic burners, which 
sulfur-free odorant might be considered to 
acteristic smell 

~,c the
heats of dissociation too systems. 



Existing codes

hydrogen systems

which prohibits 

for gas 
with the exception of one of the 

use of cast iron 
VII. HYDROGEN UTILIZATION

Hydrogen will be 

have reviewed the combustion characteristics of 
them with those of 
1) flame speed, 2) 

air. The 

for natural gas 
tions can be accurately predicted, and the 

type of burner 
sults in easier , more , and a somewhat

greater 
difference to most applications, but renders 

drogen rather easier than on methane 

over a wide range 

The type of burners used for manufactured gas 

hydrogen. The 

than the earlier conversion in 

must be made smaller, whereas 
study of the various types of domestic 
to determine the 

before problems appear and to 
way of carrying 
data to broadly design the required changes.

Hydrogen offers a 

because it is 

from 1000F upward, hydrogen will 
lyst surface. 
The cleanliness of 
lower temperatures 
so water is the only product. 
devised, using a single ventilator in the 

humidity produced by individual heating devices in 

formed,



higher 
Research is 

ful hardware, 
systems.

Of the other equipment on ' premises , only the meter

needs modifying, as it 

It 
for safety reasons.

Hydrogen has been used 

with very little 
operate piston engines on hydrogen. 
pears necessary, 
ing the crankcase , as

their fuel injection is 

Limited data so far suggest 

produce only tenth, or , of the usual nitrogen oxides

pollutants and no other , the

need to develop an fuel tank" for a

vehicle is great, if an abundant 

assumed. 
fuel systems. A hydrogen- fueIed aircraft flew in 1957. 
is essential for hypersonic 

considered by bodied subs 

As an industrial raw material, hydrogen 
and is certain to remain 
fuels to gasoline and , as 

a direct reductant in the 

fuels as a general source 

Hydrogen can be used 
the economics of transmission from 
line 
readily be converted 

The required 
the oxygen too, there are 

steam- generation devices to operate 



high efficiency and with zero generators
are practicable for peaking 

which becomes technically far easier, 
hydrogen is 

overall , over 6010.

The vast amount product in hydrogen

manufacture has not been credited to 
we have given little , oxygen 

important to 

and sewage disposal processes. 

developing markets for 

VII!. HYDROGEN SAFETY

The most controversial 
fuel is its safety. 
compared its 
clusion is that, because , so 

dustrial 
standards as we 

In fact, several features of hydrogen 

materials we 
ensure that 
that the energy buildup in a confined space 

or propane. , however, to seal small
leaks because hydrogen leaks through a 

rate of natural gas. 
tice for 
form, it doe 

with the exception of 

condense on poorly insulated surfaces, thus creating a 
Proper 

We believe that a proper 
be required to , who Hindenburg
accident, to the use of hydrogen. 
accident, which received 
stallation of 
overcome by effective public relations.



IX. CONVERSION AND IMPLEMENTATION

We have considered two 
A gradual " mixed gas " approach, with increased 

into the existing distribution system, appears 

of the wide disparity in 
of the need to repeatedly modify burners. for-all change 

a regional basis is to be preferred. 
be planned well in advance; 

versions both in the U. 
showing intere st in using hydrogen gas for energy 
cooperating with these projects will 

The offtake of hydrogen from the " power lines " for purpose s other

than regeneration of electricity 
basic advantage here for 

and operating of these lines because this 

as the nucleating center for regional conversion.

ALTERNATIVES TO THE 

As suming a widespread 
ities in the future, 
facing us in delivering 

sion of overhead a- 
because of high cost , yet the

same environmental pres 
erating 
appears to offer little 

Considerable efforts are 

mission; however, it 
and what work is 

nitude. Efforts at cryogenic 

cables are under fairly 
grams are to bring 
the region of 
to suggest that 

the levels we 



The need for storage is acute in the electric 
projects are under , but we consider

the chances of success to be unlikely. 

means for electricity 
examined the largest 
Its cost is , both in dollars and in , in

comparison with , such

systems can be built in 
energy storage, by either battery or , thus

appear to have no chance of being built economically 
required by the gas energy industry, and achieved by 

cryogenic techniques. 

possibility of , but none

are yet in use.

Considerable effort has already , but

rechargeable batteries for high-performance cars , trucks, trains
and ships are still 
electric airplane appears to 
general then has a long- lasting need for a chemical fuel. Hydrogen 

superior fuel for aircraft.

Ammonia can be 
fuel. The 

however, be weighed 
of hydrogen. 
methanol, and gasoline- like hydrocarbons 
carbon dioxide, derived 
These fuels s pollution problems, but
otherwise could be used directly. Since 

quire hydrogen, the "Hydrogen Economy" is still 
production cycle. 

technical problems associated 
or limestone.



XI. RECOMMENDA TIONS

We recommended that further 
development of a hydrogen energy 

pears to have , both in economics 

attractiveness, over 

Rather than wait for 
and a substitution of nuclear- derived hydrogen can be wholly 
economic terms alone, we 
dustry, or the U. 

begin to prepare for it 
other " low- grade" fuels to hydrogen, and the creation and expansion of
a hydrogen distribution 
can be justified.

The following research 
which can be delayed for 

some of

Production

Increased efficiency of electrolysis cells

Decreased cost of 

Systems optimization of 
stations

Prospecting" research on new thermochemical 

-----.....................

Engineering studies of practical means 
to make hydrogen

Transmis sion

Detailed pipeline optimization studies aimed at identifying
compressor 

Compressor 

Study of the "hydrogen environment embrittlement" 
under 

Preliminary design and hydrogen pipelines
carrying cryoresistive or superconducting electric cables



Storage

Detailed operational plan for a pilot 
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 

Engineering-economic studies 
systems to allow 
charge

Investigation of the practical 
scale cryogenic hydrogen tanks 

Investigation of means to 
tion and storage

Distribution

Experimental studies of 
envir onments

Experimental tests of 
of pipe failures including joints, corrosion pits, and fractures
in pipes carrying hydrogen

Life tests for possible degradation and 
plastic pipe in 

Selection of 

Selection of 

Utilization

Experimental survey of 
converted to hydrogen service

Experimental development 
appliances for domestic 

Development of appliances not using 
fueled with 

Investigation of feasibility of 
ate at 3 times the 

Analysis of an inexpensive and 

Engineering design of a large passenger-carrying 
fueled by 



Detailed market 

Cost and feasibility 
pipeline from the 

Safety

Construction of 

1) Demonstration to visitors
officers

such as government regulatory

2) Demonstration to potential users

3) Demonstration to potential 

Use of demonstration equipment by gas 
crews to explore problem areas 

Use of 

Preparation of 
personnel

Production of promotional and .public relations materials 
as movies

Review of existing local 
they are strict 

Sys tems 

Design of a hydrogen-oxygen twin 
power transmission, feeding substation-sized 
or steam- turbine- generator

Construction of large- scale 
system, using commercial electrolyzer, commercial 
components, modified "commercial" electric generator, and 
hydrogen-using equipment

Long- term use of a 
equipment sequence in a closed- loop operation to demonstrate
experience and 



THE NEED FOR HYDROGEN 

Introduction

In this section, we 

the overall energy supply and , and we observe a num-

ber of 
hydrogen as a fuel. Such an energy " overview" is important 

to understand the need for a 

Then we look at the 
fossil fuel and find that 

hydrogen as the fuel 
morrow s fuel can be integrated with today s energy system in a very

dramatic way.

Outlook for Fossil Fuels

The total reserves of fossil , of course finite.
Many experts , both

in the U. , as well as 

(and therefore fuel) Although these forecasts and estimates

vary from , the overall 

our fuel resources at a rapidly , and we can 

our needs by increasing our 

Some fa.cts of relevance to this 

Natural gas 
domestically; importation alone cannot fill 

Domestic coal reserves are far or gas
but the 
led to the 
oil and gas. Moreover , the reserves of economically recoverable
coal are probably far smaller than 
quoted.

As more of , the cost of explora-
tion and extraction rises , leading to higher fuel 
is seen clearly , oil, and gas.

Worldwide fossil fuels 
rate that we will , after
which time the 
worldwide basis will 



The point in time at which fossil 
demands is of study

by Dr. Martin 

erence 
of the U. S. fossil 
sil fuel 
it could be associated 

continues to grow. 
should really be considering 

only U. 

imported fuels , one
reserves , rather than

In a 3 M. A. 
Eastern Transmission 

duction of the world' fossil fuels. 
lationships of fossil fuel re 
Btu. , the 

production of the world' s fossil fuels is projected to 
the first part of the next century, e., between 30 and 80 years from

now. world resources , not the U. 
alone, and assume no 
which coal mining I and 1- , taken

from Elliott s paper, illustrate 

is relatively independent of 

made on the rate 

These facts lead us to 
fuels will continue to increase at a rate 

rates. It , however, to 

the rate and price increase beyond a 

unknown factors 

We have attempted to 
fuels for the period up to 
exist for up to 1985, but beyond 

only will fuel prices 
omics of its , but they will be strongly 

enced by many additional 
policy, public acceptance of industrial practices , pollution regulations
and availability of 
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We assumed an escalation in all 2% to 
for increasing costs of 

this figure will , but will not 

relative prices of 

During the past 2 decades, both the price of coal and 

production of coal in the United 

During this period, the average price 
$4. 50 and $5. , the passage of 

Safety Act of 

and the recent 
a sharp 

coal price index published by the 

5010 during 1969 and , the average price of 

28nmillion Btu at 

In projecting future coal prices, we have 

of Louis Hauser 
further escalation in the price of coal, although at 

the sharp rise of 
escalate at about 510/yr over the long term, while materials and 

escalate at approximately s rate of esca-

lation in the period from , in fact, have raised 

what to , which 

accounted for in Hauser s projections.

The observation that coal prices , continued to rise

more rapidly than Hauser predicted, even in 
prediction was 
crease is probably a 

for increased mineworkers ' safety, air pollution regulations, and land

conservation. We have no way 

in the future, but they can only cause coal 

However, in the period 
of Western coal will be 
and have a mine-mouth price 

U. S. , with an increasing proportion of 

coal, the average coal 



of 40~ /million Btu in 1975 to I).

Table I. PROJECTED AVERAGE MINE-
MOUTH 

r; /l 06 BtuYear

1970

1975

1980

1985

1990

1995

28. 0

39. 0

42.
44.
47.
50.

Commercial shale oil 
1980' s and 

duction costs of crude shale oil 35- $ 5. 30/bbl. 

This would be 

sidered as a source s pro-

jections including all available shale, tar sands etc. , peak 
was still 

Since the mid- 1950' , the price of residual 

gradually from a 37n
million Btu in , as with coal, the

average price of residual oil in 
during 1969 and 

The price of imported oil 
lating the , low foreign

oil prices 
resources. Whether 

ernment policy regarding the importation of 
oils. While government , we have assumed

that such policies will permit the 
necessary to energy deficiencies in our 

enough to seriously 

thetic gas 

1- 6



We have thus projected 
tively priced 
synthetic gas at rates that 

have used for 

the consumption 

rate of importation of foreign oil 
gradually decline from then 
tion increases and 
takes the form of 

The recent history of 
are currently witnessing an attempt 

natural gas at 

head price will 

We have assumed that, at some , the price

of synthetic gas , shale oil, or other hydrocarbons 

effectively set the 
that natural gas cannot be 
make supplementary sources of natural 
that the market 
price 
synthetic pipeline gas.

We also assumed that 
escalate but will remain 
volume of 
supplies increases, the price of imported 
the average wholesale price , even though 

is still 
LNG to 

On this basis, we have 
a) using the best 
b) escalating gas processing 
through 1975, and 

the preceding discussion for 

then further escalated at 
year 
anticipated. 1- 7



We then assumed that 
to about 40~/million Btu by 
age transmission cost was then added 
an average wholesale natural , which increases from 

million Btu in 1975 
This price is then gradually escalated and 

synthetic gas price, so 
price is $ 

, $ , $ 

, and

approximately $ 
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Outlook for Nuclear Energy

Present nuclear power stations 
as their source of energy. 
an economical "breeder reactor " can be developed which 
transforming the U218 
it is 
development is 

mercial breeder reactor. recent study concluded that ... the 

ences between a breeder and present day 

degree than of radically 
of their practicality since operating 

breeders exist 
countries. 

The importance of the breeder reactor 
considers that 7% of natural 235

isotope. The 3% is useless in , but 

be converted and ultimately 
are the limited present U. 

these reserves would 
for 25 years. 

Fusion reactors will produce 
deuterium or tritium, to produce helium. 
progres sed to the point 

at extremely high temperatures, about 100 

grade, can be clearly 

in the business is 

years. 
form of , useful for producing 

directly, 
of neutrons in the thermal , the normal 

tions are to be expected. Fuel 
tually unlimited, as there is 
seawater to produce all the energy 



Perhaps the most critical 
of nuclear power 
and the resultant difficulties in 
nuclear 
reject , the thermal

pollution problem of nuclear plants has 
generating capacity of nuclear 

the fossil plants , local thermal 

In addition, serious concerns have been expressed over 

safety of nuclear 
curred, a strong body of 
at all, and an even 
not be sited in 
are not shared by , which, nevertheless

may be forced to 

The problem of disposal of 
processing is another 

which new plants are , however, seems 

little 

Selection of sites and the 
for today s plants have presented as many problems as to create a lag of
at least 2- 3 years in , and are expected

to get 

portance to this 

location will 

ing the energy 

Outlook for Solar and Other 

In comparison with nuclear and fossil fuel , develop-

ment of solar 
level of effort; thus 
in this study. Two important observations can be made, however:

growing tide of 
energy rather than 
ated with nuclear power.



Solar, wind, and 
and are , any 
tem for 
mis sion and storage capability. 
to this study will 

Trends Toward Electric 

In the U. 

erably more rapid 
words, we as a , but

we are 
clearly illustrated in , which shows 

predictions 
generation.

Clearly, forward 
inaccurate * but we 
can draw the following 

The present trend in 
electricity.

The proportionately larger increase in 
implies a relative 
energy market.

The high future growth rate of electric 
because nuclear power, at present 
will be used to fill a 
growth in the future.

We believe that these 
not at all clear that the ultimate user 
all of his , only

about 15% of the 
the direct combustion of ratio ap-

proximating the present 
consumer by providing more 
rather than taking up the increase with electricity.

Inaccurate because ultimately , which 
me aning Ie s s 
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In making our analysis of the cost of electricity bar
cost of electricity as being gate price

of gas and the wholesale price of oil 
Electrical in its 16th and 17th l0 were

used to provide for current fossil fuel bar
costs. These bar generating cost 

number of large, modern 
about 1966 and increased by 1968 

is noted in the following 2 years 10 reaching 
20 mills/net 

This is approximately $ 

The cost of 
projected. A for 1970 and escalated
at approximately 2- 1/2% tyro Nuclear fuel costs were 
constant at 

Since some difference of 
nuclear fuel, we have chosen , by the

year 2000, will bar cost and 

not a large factor in 
in this analysis. , we 

beyond, the bus-bar cost of nuclear 
fuel power, primarily because nuclear 
to the 
experiencing in oil and coal and 

tional 

Our projections for bus -bar nuclear electricity 
ated in Figure 1-

Trends in 

Base- load electricity generating 
units , with overall plant 2000 MW range becoming typ-
ical. It 
sizes (e. 

g., 

the Iowa-Illinois 
is 1600 MW, and 

Company, due to 

ably be , 000 MW in a 

1- 13



modern plants , with the associated 
heat removal, a trend has developed 
for cooling, and for , rather

than close to the load 

for the 

are becoming difficult to 
ular 
Corporation and Tenneco 

Because of the larger sizes load plants and the lead time

required for their construction, the popularity of peaking

units has risen. 

driven generators that are 

of operating on short 

expensive to operate, they are only used for peaking 

toward the use of 

This trend

As a result 
toward remote, large base- load stations, transmission 
capacity in the U. 

grow. As blocks of power" have become larger 
increased, the use of higher transmis 
sirable. kV lines first , we now

have a family of transmission , 345, 500, and 765 kV

each with progressively lower , but

requiring larger blocks of 

Very 
able impedance losses so that 

only one , from Oregon 

southern California, but more are 
itself.

Very considerable resistance is 
head power lines. 

in the appearance of "wire- scapes , with the ob-

vious reaction from , we saw 

refusal of a construction 

esthetic grounds. 
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use of overhead 
n now prohibits the

supply of electricity to 
head cable, while has prohibited the use of 

tion lines within sight of 
pressures being go underground.

The cost of 
Power Commission to be from 

of similar 
duce the cost. 

In summary, 
pondingly larger transmission lines.
from , wherever 

larger base- load plants with corres-
The plants will be 
locations can be found for 

Public opinion will try 

tribution lines, but the 

Need for Energy 

In the use of fossil fuels, we use 
means of storing 
for energy storage on a very 

cause it 
fairly even rate 
widely on a 24-hour , and a seasonal 

of the impact of 
system, storage close 

On the other 
only as unconverted , the fuel that 

electricity in the first place. 
transmission facilities 
rather than the average 
several schemes 
investigated. The 
is the pumped-hydroelectric system, which 

X. 
are strictly 



Need for 

The development of nonfossil energy sources 
aimed at 

of the nuclear breeder, nuclear fusion, and solar, wind and 
geothermal energy in 

they operate at a constant , while solar, wind, and 

tions will operate 
in local areas 
periodicity of the intermittent sources, storage and transmis 

be available. 

energy storage and transportation , a 

that is 

in relatively large 
port to 

In the special case of nuclear energy, 
in this study, the only 

plex electrical , sized to carry 

peak, rather than the average 
generating stations also sized to deliver peak , since

electrical energy 

synthetic chemical fuel can be 
porary shutdown 

is needed to 

Alternative Synthetic Fuels

The primary criterion for a 
energy, it 
synthesized from , which by 

excludes the fossil fuels. secondary criterion, but almost as important
is that it should be 

of a noxious effluent, and a 
be assimilated into , without having to

be recycled to 



To meet these criteria, we can 
of the 
return 
low-concentration 4%), as a source of

carbonaceous fuel, but , ni-

trogen, and water.

Typical synthetic fuels that 

Hydrogen (from water)

Ammonia (from hydrogen and 
Hydrazine (from 
Methanol (from hydrogen and carbon 

Other hydrocarbons (from hydrogen and carbon dioxide)

Notice that all of 

large-scale hydrogen 
Thus

The Case for 

Hydrogen is the , and 

other candidates require the previous production of hydrogen. Thus, if
we can use "plain" hydrogen, it 
cleanest of all fuels, producing only water vapor as a 
It is , solid particulates

or hydrocarbons by 

tion, due to , can be suppressed by lower-

ing the combustion temperature. 
chemical raw material. large portion of today s natural gas 

goes toward the production of hydrogen, so 

product" for tomorrow s gas industry.

The amount of water required for 210 of the

cooling water requirement of , and the proces 

ing hydrogen from water at 

load centers can have only an insignificant, temporary 
vironment because 

earth' s crust. 
cycle, which takes 
mental pollution at , with the
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proposed hydrogen fuel cycle, 
cause either environmental 

Hydrogen will be 

advantage already mentioned, which 
appliances, it is 

designed open-flame burners, both on a small, domestic 

large indus , hydrogen 

to catalytic oxidation, for which a flameless 

ceived, which should be admirably 
poses. 
engines of conventional design and does so extremely 
oxygen fueled steam generators can be 

pare very impressively with 

Hydrogen is 

However, hydrogen can 
fossil age. 
It can be 
from coal as to make 
prospect of a bridge from 
Thus, today we could 
drogen base, , and, over 

century or so, phasing out 

and when we harness solar , and other energy

forms, they could 
of this concept is that the 

of energy , and independently 

changes that will 
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II. A !!,SCENARIO" FOR THE 

Introduction

In this section, we 

author of Future Shock, IIIn dealing with the future, it 
to be imaginative and He uses
as an example , who by today s standards were hope-

lessly inaccurate, but without their maps, the 
been discovered.

This map. Not to be taken as an accurate

forecast, it should nonetheless prove valuable 
is the " scenario" technique of 

This

To attempt to draw up a 
system would be as , to draw 

natural gas transmission line 
each line.

To paint the picture, we have assumed a 50 years
hence when there will be 
sion and distribution 
the picture, but we will be 
use of nuclear energy. 
scene.

Sources of Hydrogen

In the "Hydrogen Economy, 
generating stations 
dissipation problems thesE: nuclear 
in open country or on 

Many of these , as

already under serious study by Westinghouse- Tenneco. 4 

stations that can be 
electric power.

Within 30 years, the earliest large-scale 
will have , oil 

commodity hydrogen delivered in 
second development will have been the peak hydrogen

II-



production plants into both fossil fuel 
the use of hydrogen 

nuclear plants designed for 

pear. It will driven d-c gener-

ators. The second hydrogen plants will use the heat
from 
chemical proces s that 
tricity 
for use as a fuel, will have 
plants of all 

As new 

they will also be integrated 

network. 2

End Uses of 

Hydrogen will be 

of today s natural gas and to 

electricity onsite in locations 

electricity needs from 
may be fuel cells or 
be located on individual properties or substation" locations. By 

this, it should be possible to s greatly increased elec-

trical 10 times the present level

by the year 2000) 

transmission 

Hydrogen will be 

ducing gas. 

production of a hydrogen-rich 
For , hydrogen can be 

tions , cleaner operation of 
for example, , ceramic, and cement 

amounts of fuel 

Hydrogen is
try. 
foodstuffs, etc.,

already a valuable raw material for 

for the production of rubbers, plastics, drugs, detergents

usually in conjunction with 

II-



This use will 
drive our cars and airplanes, such compounds as methanol 

ideal. The 

intermediate. 5

Hydrogen can be used in Because of
the ease with which catalytic , rev-

olutionary changes are 
cooking appliances. 

flueless appliances decentralized" heating may
become preferred, 

be necessary.

Hydrogen will find use 
handling it and storing 

gas-turbine engines operate well on hydrogen; it is 
of vehicle s and air cr 
metal hydride as a "fuel tank. "

Transmission, Storage, and 

Hydrogen will be 

centers in 
today. , mainly associated 

stations , will have to be 
the new, required locations, but where they are, they can be used.

Hydrogen will be stored, for seasonal and 
poses, as a gas 
liquid- hydrogen plant may 
using road- tanker delivery.

Hydrogen will be 

system just as natural 
pipes and other equipment 

ment will be us 

II-



Interrelation With Electric Utility 

Because hydrogen will be , the

experience of the electric 
even operating - these 

experience of the 
will be useful to the electric 

common interest 

Relative Costs of Delivered 

It is 
the future and equally hard to predict corresponding 

ural or 
today s prices, however, which 

then project 

Details of a 

figures for the gas and hydrogen-

energy industry, A. 
marized here, together with 

The latest 
dustries in the 

, we can 

the average selling prices for 
the U. 

to production, transmission, and 

For 
production, transmis sion, and ' financial statistics

are reported Using the total sales of 
tomers , the revenues , transmission, and production

companies , and , we 

in column 

For , no breakdown 

statistics into these three , but data published by

the Federal 3 allow 

calculations. Using 

the industry s breakdown of , transmis-

sion' and distribution, and 

II-



Table II- I. RELATIVE 
(Source: 1970 Data From the 

Electricity Natural Gas Electrolytic 

$ / 

Production 2. 67 * O. 17 95- 23t
Transmis sion
Distribution 1. 61

Total 81-4. 09

Equivalent to 9. 1 mills/kWhr.

Assuming power purchased at 9. 1 mills/kWhr.

Assuming pipeline 
fuel in optimized pipelines , compared 
million Btu.

:f:

sectors in proportion to their , we 

second column of Table II- I. The average 
these figures, of $2. 

This , at first sight, appears a 
7 mills being quoted for , when

we realize , even 

only used in peak conditions, and , it
appears reasonable - a view which has been checked 

to independently by two major 

To estimate , we assumed 

existence of large electrolytic 
Allis- Chalmers and 
costs of these plants are highly 

unrealistically low figure of , we used
the 
cost. We 

cation. We 

based upon the available statistics for , in-

creasing the overall costs for natural gas 

2. 6 times as 
hydrogen and natural , using the increased

cost ($ 

II-



This clearly is a very artificial number, for 

hydrogen would be produced at s major gas

fields and that no extra 
average transmission 

less than average transmission 
savings might be achieved by 

pressures than , the hydrogen transmission 

here are probably pessimistically 

Lastly, we , as 

all the 
changed and that rating and depreciation costs

will go up. 
be, we arbitrarily , which we 

to be pessimistically , it 
the overall distribution 

These hypothetical costs for 
Table II-

The most important thing 
between average tr~nsmission and 

electricity, still exists 
look at the projections for hydrogen. 
gas transmission is underground, while 
overhead.

Secondly, we observe 
be able to deliver hydrogen 

than we could deliver electricity: 

tribution more 
into hydrogen. 
the cost of reconverting the s end,

but there would be a large and 
heating fuel.

Electrolytic, hydrogen , however, would not 

immediate market for 
natural gas is as cheap as , we may assume that, at these

1969 prices, it is not 

lytic , especially

1I-



from , would be very 

prices shown above and 

ing hydrogen transmission system, especially 

ourselves well in advance 

Now let us project into 
prices , including that of natural gas , will increase because 
of supply. Our , oil

natural gas, and 

able because we can have no 
these fuels in the U. 

willing to convert from , as the 

if enough notice 

interfuel , coal to

oil, coal to gas; 
increasing because all easy" fuel has already 
d) productivity per 
safety legislation; and e) an 
in the coal industry to increase production rates to 

All of these factors will increase the price of 
electricity is 

a corresponding rate. However, today s insignificant 

generation from nuclear 
over 2510 in the next 30 years. 
is accepted, a growth 

ticipated. Nuclear power limited, once 
breeder reactor 
funded , although nuclear breeder

electricity generating costs are 
base - load fossil fuel electricity costs 
escalate because of a decrease in 
apply to the fusion reactor - 

ating cost of fusion reactors will be 

capital costs , so 

ing costs of , and not be 

of fuel shortage.

II-



The costs of 
and electric energy because 
overhead electric transmission requires its
cost will escalate even , pro-

hibitively 
are developed, but will always be , and will

thus be far 

We can predict then, that the average price of 
will climb 
from 
become depleted. Nuclear-based hydrogen 
at normal inflation rates, as there 
cannot predict at what 
tive with natural gas 
factors are at work. 
vironmental benefits to 
ing fuel, transmitted through " invisible" underground 
value can possibly be assigned to , but there are plenty 

precedents for 

in order to achieve a 

Projected Scale of 

The concept of a 
fuel energy system requires 
dented scale. s energy demands are 

the split 
it is difficult to 

gen required. To meet 

30 years, an increase of 
times present , in addition to this, there are 

ther economic 

electrical energy,

be necessary.

even greater increases of electrical 

II-



To arrive at some 
of hydrogen manufacture, we have 
natural gas energy supply is 

remainder of 
bitrary division is, of course , hypothetical and only serves to 

the scale. 

version is of , or greater, than 

coal gasification equipment.

How much hydrogen would have to be 
industry were to 
or manufactured 

CF of 
steady electrical load of 730 000 megawatts. 2010 of today s gas

is used for electricity generation, but we 

nonelectric 
equal to today s total 
having a total s natural gas supply 

trillion 
capacity of between 
tion were at a 
if a load factor other than 

In comparison, the 1970 

billion only O. 19 

To provide this load, the 
capacity of 0. 36 million , a complete change from

today s gas supply 

to tenfold increase in electricity 
the U. 

to 910 /yr over , representing a 

7 years. Thus , to provide 

would use 

To provide for 
demand and the replacement of 
have to , corresponding 

growth rate. These Hydrogen

II-



Economy. If we our fossil fuel 
nuclear electric supplies, we have 

kind of rate. 

the share of nor
do they consider 

Clearly, we cannot overnight" switch from a fossil
fuel 
plant installation necessary will clearly require years 
construction. 
for the neces sary plant construction 

siting problems will arise for the numbers necessary. Nevertheless

power stations or 
scale in the future if s rate, whether

or not we our energy- delivery means.

To take care of peak demands, the 

the U. 

load. With , this off-peak generating capacity
could be used to produce hydrogen for storage. 
sider feeding our gas supply reservoirs mixed with methane.

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

of hydrogen will have a marked redundant"
generating capacity required.

Another way of 
is to consider the size of present 

large " power 
of 2000 , especially in Europe, and 

4000 and 5000 for the future. 

has been to construct 
technology limits the capacity of a 

1000 MW (e. 

g., "

Big Allis " in 

multiple generators.

Let us as sume, then, a " typical" 
To provide today s gas energy 

1500 extra power stations of this size! Again, whether or not we use

hydrogen as a delivery means, if nuclear 

II-



fossil , huge numbers 

power stations will 
alone will restrict their , in-

creasing the transmission and making the
cheaper hydrogen transmission method more attractive. A 1000-
nuclear power 
perfect" water 

with a fuel value of 100 

Thus , if the whole 
hydrogen, 68 
would require about 
the present plant capacity of over 6 times , just to maintain the 

quo of 

inevitable and are already forecast by 
next 20 years or 
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Comparison of Energy Transportation
and Distribution Costs

Appendix II-

Summary

Using 1970 figures wherever possible, we have 
costs for the transmission and distribution of 
sources of 
Commis sion, 2 Federal Power , 3- 5 or s Gas Facts. 

Two approaches were 
composite income accounts, which show breakdowns 
by clas , transmission, and 

costs to the 

inclusive industry costs of production, transmission, and 

energy - 

other approach was to relate per mile of long-distance
transmission equipment 

of the system. 
mission facilities.

The cost of 
transmitting and distributing 
natural gas and electricity 
Allis- Chalmers and Oak 2 in 1967. 
three assumptions of our own: One was 

that Chalmers for
an electrolyzer plant by a factor of between 
the cost of transmission for natural
gas, by the 6 We 

his numbers for an increased cost of hydrogen 

pressor fuel. Our third , because 

requirements, both the operating and for distribution
systems will , including

commercial costs, taxes , returns to stockholders, etc., would be un-
affected by a 

II-



The comparative cost, or, more price " figures derived

are shown I of Section AI 

.s:::.

~ 40

UNDERGROUND
AL TERNATING

CURRENT 160

E.C\ CU~~t.~\
~O O\~

O\Jt.~\-\t.

140

120

OVERHEAD
500-kV 

CURRENT NATURAL GAS

800

61526

Figure II-AI. RELATIVE 
ELECTRICITY AND GAS 

The prices of I include fuel, mainten-

ance, and , depreciation, all taxes, and 

For the electric utility 
down of operating costs for the three categories of production, transmis-

sion' and , taxes, and

profits in the proportion of 

gas industry figures are also , as they are

derived from overall 

II-



1970 Gas Costs

Average production, transmis sion, and 
from 1971 Gas Facts l which pre 

Production" cost is obtained Trans-
mission" cost is obtained by 
companies, less the price which they paid 
Distribution" cost is obtained by 

all gas , less the price paid to 

The data are shown lA. , i, k, and 
Table II-

1970 Electricity Costs

The Federal Power , operating

costs, and investments 
of production, transmission, distribution, customer accounts , sales, and
administration. Table II-A2 shows how we adjusted the 
figures to relate to revenues 
revenue s, and how 
duction, transmission, and 
Table II-A3 shows how the 
been summed for 

In Table II- , the fixed costs 

and administration have been reallocated to production, transmission, and
distribution in the correct proportion, and in Table II- , operating cost

of administration is also reallocated, while the operating costs of cus-

tomer distribution. This
gives a breakdown in A6 of total , classified into

three categories , transmission, and 

From A 6, we 
of electricity , while the 

generating cost is 0. 476#kWhr. , Table 21 , shows 

O. 

production only by 
allocation of inve 

out above. This accounts for the discrepancy 

II- 15



Adjustment of Gas Transmis 
Costs for 

Data from A. Gas Factsl show 

investments of 
tion storage, transmission, distribution customer accounts sale s

administration, and 

In Table II-A 7, the 
operating expenses in the ratio , so we 

at a total operating plus depreciation cost for 

Notice that the figures derived in Table II-A 7 for operating costs
are considerably less than , lines h and j,

because they do not 
taxe s . We consider that a 
other costs at all.

Because of the s lower heating value 

Btu/SCF compared to 

physical properties, we have 

energy for hydrogen, based on Von Fredersdorff' s calculations6 for a

500-mile, 20- inch pipeline. While 
$ O. 

we have modified his calculation, using a $ 
hydrogen, based on 
II-AI2.

In the distribution networks, it 
will require a "pipe-within-a-pipe , concept. 
assumption, and 
costs. We 

These conversions are A8. 
this table have 

II-



Cost of Installing Electricity 

The FPC Transmission of Electric , 5 provides

data on the actual installation cost, including right-of-way of 
lines built since 1969. kV line figures 
one line built in , which was 

way cost 
is in these urban 

of-way). , we 

ical , relative costs

and capacities of d-c , and 

EHV lines. 

values allowed us to derive generalized 

mission systems.

From A9, 
was made, assuming kV a-c 
regardless of length, and 

are equal 

long- distance bulk , averaged over 

not to local distribution, which 

underground in larger 

in the U. 

Cost of Installing 

The FPC report Cost of 
tion in Fiscal , 3 shows the actual costs 

types of , including land and rights-of-way.

used the inch pipeline. The 
capacity of a 30- inch pipeline was Pipeline Industry

article, and 
tained from Gas Engineers Handbook

We derived the 
in terms of 
rived in Table II-AIO, and are then AI.

II-



For hydrogen transmission, we have assumed 

capital cost factor for 
30- inch line analyzed above. of 

natural gas line in order to of a hydrogen line. These

data are also derived in Table II-AlO.

Cost of Production of Electrolytic 

Table II-All shows of data for the cost of electro-
lytic Chalmers report to 
gives its estimates of the cost of constructing a large-scale 

electrolyzer 
cost estimate to allow for a return on investment 

income taxes, as these were not Chalmers

calculations.

Allis- Chalmers ' calculations
2 assumed an operating efficiency 

of 850/0.

We believe that by increasing , efficiencies ap-

proaching , in 

in the Allis- Chalmers Laboratory. We , but

we feel realistic, Chalmers

cost assumed that half 
equipment. We , and also of the remainder 

the plant, is high by a of up to , if 1980- 1990 technology

is assumed. of this assumption, we

used a spread of data covering Allis - Chalmers ' original costs, reducing

these by half.

Table II-A12 shows how we 
We added the plant cost, expressed of the hydrogen 

an assumed figure for of electricity. 
generation cost 

The data from Table II-All were used AI as terminal

cost" for hydrogen 
so that energy is delivered 

hydrogen, not as of data for terminal costs

and the slope of the line, the derived AI 0

II-



the shaded area in Figure II-AI, results.
in Table II-A12 are used for 

The data of lines 
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III. HYDROGEN 

Introduction

Hydrogen is 

intermediate in chemical and 
and 1968, the 

billion 50/0 of this quantity 

Between 1960

the remainder being consumed for example, in the manufacture of 

chemicals as 

Today by far 

natural gas by reaction with 

large , it 
a natural- gas fed hydrogen plant 
with storage or 

These generalizations, however, are by no means 
eral instances 

economics dictate remote siting 
example, at several 
able, very large , several hy-

drogen users in 

ground pipeline system operated 
from a fueled plant. 

the country requires a small but 

for the generator. 
windage" losses 
by an 

Thus, even 
available, alternative sources of 
Basically, however, there are only two prime 

the enormous quantities required for Hydrogen Economy : One 
from fossil , which can be 

economic source in nuclear age " and 

Half of the 
derived from 
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Water can be split , hydrogen and oxygen, with-

out the use of fossil 
to the combustion 

ways:

Ele ctr olytically
Thermally
Thermochemically

The first 
ation of the products; however, it requires 

But the generation of electrical , by today

technology, an inefficient process: 
ate at about 3310 thermal , even though we have 

able the technology to obtain its overall efficiency

is low.

The second process requires 

the formation of a mixture of hydrogen 

as the temperature is 

for hydrogen production, although 

been proposed recently. 

In concept, the third type of process 

chemical reactions by which water reacts with 

products that may 
oxygen in separate reaction stages , and b) 

termediate compound. In this 
reaction can be , and 

tion of the 
is in practical operation today for a , but the concept

holds out the thermal water -splitting " at a higher practical

efficiency than the overall electrical route and 

Our 
electrochemical process for hydrogen production and 

of the thermal water- 
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Electrolytic Production of 

Theoretical Limitations of Electrolysis

An electrolytic process is 
electric current 
Endothermic, or energy-consuming, processes can be 
this method, the required energy being provided by 

Many simple 
by this process. , the products are hydrogen and 

Since the overall process of water electrolysis is 
combustion of hydrogen, the energy required per 

produced is , or , of

hydrogen. Each 

electrons to two , so 

exists between 
rate at which 
current , of almost 100%, 

lease of , or hr. *

A perfectly 
each 1000 

is , each 

process has a theoretical 
for the reaction to proceed.

This , however

because only the free 
trical energy. 
energy change 

process. 
be 

The electrochemical 
At 32 of and 
corrected to 600 , the standard industry temperature 
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We can calculate that for a 
responding to the , or heat of combustion of hydrogen, is

1. 47 volts , while the 

ergy change This 
is a factor that 

In an ideal case, then, a voltage of 

electrolysis cell at 250C (770F) would generate hydrogen and oxygen 

thermally - , at 10010 thermal 

duced. However, a voltage as low as 

hydrogen and oxygen, but the 

ings. The electrical energy required for 710 

the combustion energy of , the other 310 being

supplied as heat. 

of the 
energy put in.

In marked contrast to a 
a water electrolyzer electrical" efficiency of up

to 12010, while a perfect electrical" efficiency

no greater than C (770F).

The free energy change voltage, or " reversible " voltage as it is
called, varies with I. We 

that raising the 
decomposed. Again, this factor operates in favor of 
because at higher temperatures 
with lower losses, while the required energy 
contrast to fuel cells; their 
ature is raised.

The voltage , or, as we 

it, the "thermoneutral voltage " varies only 

from C (770F) to C (6440F). 
also shown in Figure III-I. We 
which I) , 2) hydrogen 

100% electrical 
efficiency with production of waste heat.
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1.8

ELECTRICITY USED TO MAKE
HYDROGEN , WASTE HEAT EVOLVED

1.5
(J)

:;:.. 1.4

1.9
100 200 

TEMPERATURE , o
600

A - 81940

Figure III- I. IDEALIZED OPERATING
CONDITIONS FOR ELECTROLYZER
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Design Optimization

In practice, an 

reversible voltage " because at 
processes are zero. , a voltage

higher than the reversible value 

necessary is termed tl overvoltage " or Ilpolarization" and 

the current that passes 
of electrode require higher overvoltages and 

The size of , and thus , is reduced

if it is 
of energy input or 

the operating temperature, by 
tures, and by 
factors contributing to cell 

trical resistance of the 
timizing the de 

Criteria for Evaluating Electrolyzer Cells

In evaluating the relative merit of 

comparing them with alternative systems, it 
characteristics to 

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

important.

The operating cost of 
Since current , very high, the operating 

voltage gives a direct energy efficiency. Although most

voltage comparisons in reversible

voltage of , we 

tical voltages with the " thermoneutral" 
an electrical 

Heating Value of Hz Output
Electrical Energy 

Any deviation from 0010 electrical efficiency is a direct 

heat energy to be 

efficiency criterion is to 

the theoretical 
III - 6



The capital cost of 
cost of the electrodes. , the 

can be operated at very high current 
electrode). However, to do this, higher voltages are needed, and 

efficiency falls 

more 
plicated, and thus 
tion is thus required; the resulting choice will vary 

application, the prevailing cost of power, and 

The principal , established electrolyzers

and the advanced 

cells has 
and fabrication, and the use of 
use highly porous, high-surface-area metal 

developed nickel, silver, or, in some cases, platinum 
press bipolar 
imized by , uniform 

of " fuel cell" grade. 
still 
Alternative electrolytes, including ion-exchange 
temperature oxides, have been , only one U. 

manufacturer, Teledyne Isotopes, has ventured 
advanced type of electrolyzer 

Types of Electrolyzer 

Each of the 
be classified type elec-
trolyzers and filter-press electrolyzers. In 
a large vat, usually iron, holds the 

alternate polarity are 
flat sheets of , welded 

nickel-plated; the cathodes are left 
asbestos is used as a 

drogen, which , 5 and the oxygen, which 
generated at 

tank operates as one cell. Although 

III - 7



only about 2 volts are , in small 

trolyzer operates at high current and low voltage, resulting in an 

electrical rectification 
voltages.

Connecting individual tanks in 

tem' but increases the 

Compared to the filter-press electrolyzers, some 

units are wasteful of floor space 

theless, the outage of a 
tional problem as it bypas sed. "

The filter-pre s s -type electrolyzer is constructed with 

of electrodes and diaphragms, much 

electrodes are solid metal 
the cathode of one cell, while 
cent cell. With , the individual 

are , if an indi-

vidual asbestos significant rebuilding job is 

essary for renovation 

Nevertheless , this type of electrolyzer appears to be 
voltage requirements. However , as the filter-press electrolyzers 

cost more to construct, they are generally operated 
densities in order to 

the usual operating voltages of both tank- type and polar electrolyzers are
about the same.

Tank-type cells 
bypas s currents in , filter-pre s s -type 

a current 9510. Usually, the bipolar construction 

more 
duction, even 
tank-type cell. type electrolyzers

are said 
free for over 10 years. 
necessary.

Appendix III-A is a ZO by

A. K. 
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Canada, and to- date (1972) account of 
as viewed by a large 

5. 
There are two major 

The Electrolyser , Canada, manufactures

cells for a wide variety of applications, mainly custom-designed. 
is an 

installation at Trail, 

Isotopes of Baltimore. Chalmers fuel
cell and electrolyzer technology in 

for sale both a range 100 CF /hr

range and custom 
some of Teledyne s systems are shown 

Figure III-2 shows a comparison of 
ber of cell 

2.4

~~p..G ?-~SS\)

?-~

::;..- \) \)?- G \ ~

"......-\..

== 2.

::-

o::t
I- 1,
..J

:;::.

..J

..J
W 1.

0 DENORA
(NEW)

1.4

100 150 200 250 300 350 400

CURRENT DENSITY, A A-81937

Figures III-2. OPERATING 
VARIOUS COMMERCIALLY AVAILABLE ELECTROLYZER 
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Points or 

or personal 

erature where primary 
electrolyzer 
about releasing equipment 
of primary 

The German manufacturer Lurgi 
but has been extremely reluctant to 
perienced similar , which has claimed

impressive performance figures. 

sign figures if it receives 

Comparison of cell 
secondary literature 
ance for individual , a 

upon voltage-current relationships is 
included.

Although the proces s for 

well established, and centered primarily in Europe, space and 

applications have caused an increase of 
within the last decade in the 
advanced technical 
which have not yet reached , but which 

reduce the likely cost of 

The primary military energy depot program. 
Because of logistics, the cost of energy on 
this concept, a nuclear , an , an

air liquefaction 

sembled behind the lines to 

as a fuel for , fuel cells, and 

electrolytic 
and improved electrolyzers 
fuel cell technology, significant effort 

trolyzer technology.
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Further improvements 

the Atomic nuplexes " - agricultural-

industrial 
based fertilizer 
of most of 

Electrolyzers have also 
problems with 
waste products for use in 

has been the recovery of 
processes that , electrolysis of water 

recover this 
enhanced by this effort.

A small 
although none are as big as 

a massive 

Table III- l lists four large 
capacities as 
ments of these 
billions of cubic feet per year 
tion of l are the 

plants in terms of 
ing the relative size of these plants in 

These four electrolysis 
all located at a 

British Columbia, facility of (before
clir reduction was 
The hydrogen is now , to 

type cells used in 
their time , simplified operation, and

ease in maintenance. Nevertheless , this cell design requires 

space. The 

electrolyzer tanks (Figure III- 3). The 
About 90 megawatts of power are 

hydrogen.
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During World War II the 
water for product 

electrolytic 
trations by staging the 
hydrogen production efficiency. Heavy fuel"

for fusion reactors.

Of the first three large , only the Nangal

plant uses electrolytic 
At Nangal 60, electrolyzer units produce 880 000 CF /hr of hydrogen with

a daily heating value of 7. 0 billion 
the cells adds up to 60 million 

new of Milan, which 
also one of the world' s larger manufacturers of electrolytic chlorine cells.
The Nangal plant produces of heavy water, for a by-product
credit of nearly $ 

The Aswan Low 
with about 100 of hydrogen generation capacity for 
fertilizer production. , but we

understand that this plant uses 100 MW for of 

billion Btu equivalent in 

The Norsk Hydro facility in 
This plant was of the famous 
German heavy-water capability. , this plant

produced 28 billion of hydrogen in 1963 , indicating a plant size 

400 MW with a daily of 25 billion Btu equivalent in 

The plants listed in l are those 

a plant of about 165 MW 
rumors in 
electrolyzer section of this plant is , smaller

electrohydrogen plants are used for 

Portugal, New Zealand, Spain, and 

A listing of electrolytic 
Isotopes is given in Table III~
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In general, the 

ated at current 200 mAl sq cm 
1 A/ sq ft) and at 
and users of large- 
reduce 
electrolyzers to be 

Advanced Concepts

The " advanced'l electrolyzer concepts 
production of Ilfuel hydrogen.

Table III- 3 presents 
technology which we have reviewed. 

sonal contact or the study of 

mine cell 
Figure 1II-4 presents 
istics for a 4 are

superimposed on the 2. 
the improved 
ment. , the 

sent the data that we 
literature sources. In , we have been 

to check the primary literature to 
as an electrolyzer rather 
(Often, in theoretical fuel cell studies, the electrodes are driven to 

opposite polarity to 

this approximates , it cannot be 

lyzer study because in- depth analysis of operating conditions , materials

of construction, and corrosion 

The Allis-Chalmers Cell

The advanced electrolyzer 
reality is the Allis- Chalmers cell. 

various Allis -Chalmers contracts for , and was

developed under the energy depot and nuplex programs. 
uses potassium hydroxide electrolyte with 
trodes at F. 
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A-52504

Figure 1II-4. CELL OPERATING 
OF VARIOUS 

the filter-press basis and 
cell consists of two , insulating

diaphragm. , where hydrogen

and oxygen are 

is circulated through the cell, carrying 

gas- liquid separators, where 
The electrolyte also 
electrically in series to form a stack" of electrolyzers.

With this electrolyzer, current 
sible at reasonable 
operated, as have , which confirm 

conditions. In , Allis-Chalmers

undertook a detailed 
operations. B7. ) For , we have chosen
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the Allis-Chalmers cell as 
lytic 

Allis- Chalmers ceased its 
The technology was sold to , which has already gone

onto the market with a 
us with laboratory data for advanced 

General Electric High-Temperature Cell

General Electric 
based upon its high- temperature fuel cell , indi-

vidual cells have 
tentative. In addition, much 

based upon anticipated results 
ness and resistance. Yet, this 

run because 

and because thermal 

This GE 
as an electrolyte. The 
lyte must diameter 
Although the high- temperature fuel cell 
potential for electric , funding has been 

the Government because 

mental development has 

with electrolyzer 
would be about Chalmers
cell. This 

costs that might be 
hood for success in this field, however, is doubtful
a low priority for 

so the concept has

General Electric Ion- Exchange Membrane Cell

General Electric 
exchange membrane for F. 
the General Electric fuel cell Gemini spacecraft, although
it uses a 
claims that if 

III - 1 9



program, the national fuel 

on that concept. At 
in progress at 
use.

The performance characteristics of this 
of the Allis- Chalmers alkaline cell as 4. 
higher efficiency 3 results from the 
density (and lower 

We asked GE to estimate a 
cell. The 

Allis - Chalmers , but are 

However, these costs are not 
trolyzers due 

because the 
the noble metal requirement for this 
cation because of 
on this type of cell , although 

is interesting to note that a 

at the Air , Ohio, for 18, 000

hours 
1. 62 volts (compare 
ing to an electrical 9010 and a thermal efficiency of 7610.

Battelle Cell

Battelle Memorial Institute has 
for space 

meable to 
peratures of 3350F for a Ag electrode is
used primarily as a 

operating 
noble metals 

III - 2 0



Westinghouse High- Temperature Cell

Westinghouse Corporation has , high-

temperature fuel cell 
Compared to the temperature cell, relatively high voltage at low
current was , this 

existing data and represents 
high-temperature cell. The problems temperature
GE cell 
cell.

Other Advanced Electrolyzers

Figure 1II-4 presents operation 
the electrolyzer mode, but we have been 

literature. The , which causes 
appreciably higher 

The Bacon fuel cell 
and has been used for all 
high temperature (5000F) and use of its oxygen

electrode performance is 
electrolyzer is promising. 
because the cell , the Bacon 
warrants further 

The " Justi" cell is a laboratory 
of Braunsweig Technical University in 
ance of this 
seen at relatively 
that of the Allis -Chalmers cell, but uses porous 
highly active 

Other cell 3 because insufficient
data were available. Electro- Optical System 
is developing for aerospace fuel cell 
which the 

to the 
is also developing a similar system. Motors
has operated electrolyzers with s reported
data superimposes 

1II-



Hydrogen Costs Predicted by Allis- Chalmers

In our opinion, the Allis-Chalmers cell 
bench mark for 
facture using advanced 

The Allis- Chalmers Manufacturing 
cell laboratories to publish the results of applying 

electrolysis cell construction. Chalmers

published work and , who was 

sociated with that project 

Operating Data

The Allis - Chalmers fuel cells used 
trolyte has also historically 
because of its , there-

fore, that Allis -Chalmers would use this electrolyte 
trolyzer concepts. 
fuel cell 
or in the , there

is little justification in , which are 

ent trend in fuel cell 
voltage to be used as 

Allis - Chalmers operated test cells 
4 sq ft , pressures, and 

concentrations. The 
fore only operated at ambient 
small-cell , up to 36 sq 

constructed for a greater operating range. 
on cells of 
that can be expected in even larger sizes, given 
development.

The performance of the Allis- Chalmers electrolysis cell is 
in Figure 1II- , a plot 

various temperatures. 
lines represent data taken with electrodes 

platinum-palladium catalyst 

III-
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Figure 1II-5. EFFECT OF 
CATALYTIC ACTIVITY ON CELL POTENTIAL3

represent 
metal catalyst 
could not pay for itself 
presents the cell free basis: 
internal resistance of 
tion techniques and subtracted from , the true

cell polarization is , which are

functions of the "engineering" geometry 

The over 
2500F using a 
ienced on a well-engineered alkaline fuel cell, from which, theoretically,
similar polarization values are expected; 

credibility to the Allis-Chalmers data 
degree of development 

Allis- Chalmers 
30-sq- in. electrode size at a F. 
of this 

with a 
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not long-lived. The Allis-Chalmers report 
rosion of , but Dr. 

the deterioration to leaching of sulfur from 
poisoning of the electrodes.

life on cor-
ascribed
subsequent

The problem of cell lifetime 
figuration of the cell. 

separated by an asbestos diaphragm, which had 

trolyte. We 

cells of this design, but in the Allis-Chalmers electrolyzer, electrolyte

was circulated in 
problem. 
materials of , both of which 

require further development at 

The performance of an F was 

by Allis-Chalmers to 2500F based upon 
improvements in electrolyte 
cell performance at F is pre 

VI 2.

:;:. 2.

-c(

~ 2.

a.. 1.

UJ u 1.6 

' /

a:: 
U, 1. 4 ' 400 

CURRENT DENS I TV , AS F

1600

Figure III- 
MULTICELL ELECTROLYSIS MQDULE3

We have also 6 depicting the 

that we think might 
technology over the past 5 years. , however, that the 

ance curves provided by Teledyne in F line

III~



shown in Figure , Teledyne has 

achieve the earlier Chalmers.

Economics

Allis - Chalmers prepared a 
of electrolysis cells with about 30- inch effective cell diameters. 
pearance of such a module is 7; the basic oper-
ating characteristics are listed in Table III-

POSITIVE TERMINAL

~ + KOH OUTLET

GROUND TERMINAL

OUTLU
-sECTION PLATE

CELL 9ECTlON

Figure III- 7. ALLIS-CHALMERS' ELECTROLYSIS
MODULE FOR HYDROGEN 

We notice that this 
Chalmers fuel cell work, both having a close spacing of 
cells finch).
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Table ID-4. CHALMERS
MODULE 

(Temperature 250o , Pressure 300 

Electrode Current Density,
AI sq 

Hydrogen Output, Ib/hr

800

183

600

314

Current Input, A 030 110

Module Terminal Potential, volts 000 955

108Overall Module Length, inches 118

245
18, 800

15, 205
17, 495

Module Weight, Pounds: Dry
With KOH

Single-Cell Active Area
(Each Electrode), square feet

Cell Potential, vo 1 t s

Number of Cells per Inch

Total Number of Cells Per Module

1. 99

560 480

Total Active Cell Area Per Module,
sq ft 800 , 400

Power Input, MWe

Allis- Chalmers then prepared 
These costs varied from , 000 to , 000 per module, depending upon
quantity and stack surface area. 

and correspond to $ 33- $ 37/ sq ft 
weight basis , the $ 6/lb. 

on past experience with fuel , we 

stalled cost of about $ , large indus-

trial 
for mild steel 50- $4. OO/lb for 

ing that , the cost of

$ 5- $ 6/lb seems 

III - 2 6



Using these module characteristics , Allis-Chalmers 
lyzer plants under three 
teristics. The 5. 
major item in electrical 1. e., 

ing and switchgear equipment. As Allis- Chalmers is a 
of such equipment, these costs should be 

costs was the use of 
Chalmers assumed rectification kV a-c current rather
than generation of direct current.

When Oak Ridgel? evaluated the Allis- Chalmers data, it added an 
creased cost factor of 
not rationalize this increase; offsite facilities
or interest during plant 

Chalmers cost figures are B8.

Note that the largest of Chalmers
requires a power 
large electrical generating s standards. Such a 

power plant 
today s money market. Yet, the electrolyzer cost would only be 

$40 :million. Therefore, a 

cost would not cause a great variation 
put; the cost of 
electrolyzer 

For its , Oak Ridge

National Laboratory derived the 
III- 6.

This estimated manufacturing , corresponding

to $1. 03/million Btu, 
ever, it is 
mills/kWhr, compared 
mills /kWhr. , it does 

optimistic 
for electrolyzer development.
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Table 1II- 6. ESTIMATED 
HYDROGEN FROM ADVANCED- TYPE ELECTROLYTIC CELLsa

Item

utili ties b

Cost of Porous-Electrode Cell,
/1000' S, CF 

29.
Maintenance and Operating

Supplies
Labor at $4/hr

Overhead at 60% of Labor

Fixed Charges 

Gross Manufacturing Cost

By-product O2 Credit
Net Manufacturing Cost

Capital Investment, 

L..2.
42.

33.
11. 8

a Based on hydrogen production, 40 million standard cubic 

hydrogen delivery pressure, 1700 

b Electric power 
5 mills/kWhr.

c Depreciation, 6. 7%; local taxes and insurance, 2. 3%.

d Oxygen delivered at 300 psig, 

A. K. Stuart20 of The 

Mrochek Oak 17 with costs "which may be 
the near future by polar industrial
electrolyzers. 

For very , following the trend in both
brine and significant reductions
in capital cost and 
ing uni-polar cells to 
Such cells, with a capacity 
hydrogen per 

, 000 square feet in area. 
power rate as 5 mills /kWhr), gros 
facturing cost would , before by-product
credits. This corresponds 
facturing cost of 
cells , including depreciation, insurance, and 
on a comparable 

III-



The value of the by-product oxygen taken at $4. 00/ton
(17~/1000 SCF) would reduce 
cases by 812! 33. 6t respectively. In ad-
dition, heavy water by-product would be recoverable by
known technology from the uni-polar cells in a 
of approximately 30 tons/yr. 00/
, less 50% recovery cost, there would be a 

credit of 4. 3t and net hydrogen cost would then 
36. 5#1000 SCF ($1. 13/million 

In conclusion, it , while 
development of 
sufficient established 
electrolytic 
tities, at a production cost 
tude as that estimated for advanced 
the availability of low cost nuclear 

IGT' s Revised Cost Analysis of Chalmers
Electrolyzer

Allis - Chalmers carried 
system for three different s Oak

Ridge National Laboratory, for which 

used these data in its industrial 

When we examined the 
carried out and published by 17 using Allis-Chalmers
capital costs, we 

for the cost of 

though it had 910 to Allis - Chalmers I plant 

We feel that a 
cost can be obtained using 710 return, and 5%
interest on debt (65% 4810 Federal income 
rate of return 810 interest does not significantly 
of tax credits.

Mrochek17 used a 5 mills/kWhr. Almost

any number for bulk 
be justified, depending on 
our cost data as 

of electric power, to which 

costs.
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Figure III- 
the price at 
purchased electricity price. 

$0. 44/1000 CF at 
a slope that represents the electric 
value, including the Chalmers.
The line intersects 18/1000 CF 
Btu), which is 

We then made 
tions, illustrated in 9. 9 presents

the cost of 8 and assumes that 
performance of Chalmers in 

Another line drawn through 
cates the cost of 
the same plant 
might be achieved if research 

electrolysis cell operating without 

practice, but 

Another series of 9 has an intercept of 28/
million Btu as the , we

assumed that the 
both the cells and the electrical equipment. 
correspond to electrical Chalmers
and 120%, the theoretical 

The heavy line in Figure 1II- 9 is simply the heat 
tricity, or cell operating at the 

which we feel is , would operate 

efficiency and 9 having

the same , but pas 

responding to the nonelectrical 
shown in Figure III- lO. This, we propose, is a reasonable 
development, requiring a halving of 
1966 and operation at a 

laboratory in 1966 under , and by 

more mild 
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Figure III- 
OF ELECTRICITY PRICE SHOWING THE
EFFECT OF 

The costs of 50/
million Btu if 
price between 4 and 7 mills/kWhr, which seems 

costs of peak electric 

Breakdown of peak power
cost is only 2. 0 mills/kWhr, corresponding 
hydrogen.
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These figures 
from the , both of which 

as by-products. However, the 

will be 
value cannot be readily placed upon these materials. 

credits could reduce the price of 

million Btu.

The above discussion illustrates that 
hydrogen must carry a , on a Btu basis , to 

chief utility competition, which 
fits of 

are considered. , the

cost of water 

High-purity water is desired so that 
the electrodes, increasing the 

failure. Boiler feedwater 

For 
the theoretical water requirement' is 
that is , some water 

in the exiting gases; therefore, the water requirement 

installation of this size is 

mately 25 
station that , and 

power plant will also require quality cool-

ing water to 
coolant water circuit.

If the electrolyzer 
lons, the cost of t/J /million Btu of 

To put the estimated 
we compared the capital costs Chalmers system
with some capital costs for 
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The capital costs of electrolytic 
overall cost estimates 
R. E. Blanco2 for the 

Figure III- II was drawn , with addi-

tional data added.

-q)-

....J

c::t

a..
c::t

106

2 X 105
2X 104

TRAIL CELLS / /

B /
STUART' /

/ / , ~~/ /

~~W9-/ /

/~ \,.'"

SOLID POINTS: PUBLISHED
OR QUOTED PRICES

DASHED LINES: 
A PRESENT COST

EXISTING CELLS

B EXPECTED 
EXISTING CELLS,
LARGER CAPACITY

C EXPECTED 
ADVANCED CELLS

ALL I S-
CHALMERS

105 106 107

H2 PRODUCTION A- 81952

Figure 1II- 11. CAPITAL COSTS OF 
HYDROGEN INSTALLATIONS

Line A on this 
references were checked, and the data 

sources. , 000 CF /hr

because this is 

country.
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Line B ' is Blanco s estimate of 
electrolyzers in larger 

cells at higher 
energy would be available.

The operating range C 
cost estimates derived from Chalmers electrolyzer 
high- temperature cell.

We asked 
the plant costs for a hypothetical 10 

costs are shown as II. 
of the Trail 
lion. This 

smaller 

As already , cost estimates have not been

received for the Lurgi high-pressure cell or 
ce ll.

The exhaustive cost information Chalmers was
interpolated to the 1. 25 million 
rate to yield that data point, as were 

based upon these data, they were expected 
advanced cells.

The data in Figure III- II are for the 
section of the electrolysis to-dc conversion equipment
and switchgear are not included, nor 

Based upon data in the Allis-Chalmers report, the power 
ment for this 5 million, based on 1966 
nology. With improvements 

direct-current generation, this cost should be reduced.

Potential for 

In deriving the cost goals , we made some
optimistic assumptions that 
electrical 
Chalmers. We electrical" efficiency 

be 100%. These assumptions are justified 
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A halving of the 
current 
given cell. 

during the time 
we think this is , fuel cells oper-

ating with aqueous 
were scarcely 
During the mid- 1960' , Allis-Chalmers had 

separators that allowed current 

regularly. Some 

are capable , we

feel that Chalmers electrolyzer

current density is reasonably 

A halving of the cost of electrical 
two developments that Chalmers 

It kV a-c current, and assumed a 
this equipment of 

the introduction of bulk 
duce costs , although reduction in 
hard to significant 
in acyclic generators, otherwise known as 

, which

produce low-voltage direct 

is an extract 

ment of 1971 :

The high-speed acyclic generator with 
lector has 
as a practical , low-

voltage d-c 
have been in service at 
ment Center, Tullahoma, Tenn., 
These supply a 
generator. A 
National Laboratory, Chicago, capable of about 20 , 000
amperes at 
is limited on 
speed, voltage, and 
lationship. This 
to date in industrial application of the acyclic generator.
The economic evaluation frequently 
when the application requirement 
acyclic generator 
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The acyclic generator 
capability over the 
(Other ratings are possible - these are 

Rated rpm 3600 down to 1800
Powe r 10- 30 MW up to 100 MW
Amperes 100- 150 kA up to 250 kA
Volts 100- 200 up to 400
$ /kW~~ $ 18- $ 9 down to
Total Weight (lb) , 000- 52 , 000 up to 210, 000

.u. Price for mature Additional required
development cost estimated at $ million over 4 years.

It is, of course, pos sible to connect 
tandem from 
flexibility of , voltage, and amperes.
The space and weight factors would, of course, be
different.

Costs of the generator, both , and the
converter apparatus (for 
nications from 

Up to 50 100 MW
Plant Size $/kW

a-c Generator

a-c-d-c Converter 30- 5 0

25 (later 
d- c Acyclic 

As this , the cost of a- 

$40/kW, whereas $ 9/kW, for a saving
of $28-$31/kW. esti-
mate of $40/kW for MW size * implied
in the Phase 
erator appears 

In conclusion -

The acyclic generator offers significant 
conversion approach in capital 
ferential. This does not 
for the acyclic generator; 
the a- 

Electrolyzers, being "modular buildups " seem 
cost with 
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The rectifier 
appear optimistic by s best 
$ 30/kW.

saving of $ , by

the use of a d-c generator should be 
mated cost of 
appears that 
hydrogen as a product and one 
a product are comparable, and 10'10 differ-
ence noted in 

This new information 
the halving of the electrical cost is indeed a 
assumption. The electrical efficiency" of the 

can be increased from 60'10 or so 

basis of information from 
highly developed electrodes.

The GE , operating on 

bench at the Air 

volts corresponding to a 90'10 electrical" 
platinum catalysts, which cannot be considered 
Justis I cell, in a recent publication

7 achieved 100 mAl sq cm 

age of only C without the use of 
ponds to an electrical 94'10. At current 
mAl sq cm, his 

corresponding to efficiencies greater 100'10.

We believe that it will 100'10 or greater effi-

ciencies on more highly 
temperatures higher 12 shows

the Allis- Chalmers temperature chart.

The thermoneutral potential 
100%. At a noncatalyzed" (i. e. 

nickel) electrodes 100'10 efficiency was 
0 and 4000

The " Bacon" cell, operating at about 5000F using only nickel 

lyst, was 4) to achieve greater than 100% 
(less than 
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Figure III- 12. CHALMERS
ELECTROLYZER CELL AT 400 A/sq ft 

Therefore, several 
to operate without precious metals at 10010 or greater 

ciencies. No 

temperature conditions, or with 
silver catalysts used. 
appear to be realistic.
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Thermal Water-Splitting for 

Introduction

An alternative to 
nuclear energy exists. In principle, water 

nents, hydrogen and oxygen, by heating 
ature and 
recombine. thermal water-splitting. "

The theoretical efficiency of splitting water 
at which heat is supplied and 

tricity generation , the practical 

ciencies obtained by the electrical 

than theoretical. Thus , it 
splitting proces s with a 

cost than the electrical proces 

The concept of thermal water-splitting is 
gated by Funk lO,l1 as part of energy depot" study

carried out in 
ation. , Marchetti4, 

atories in Italy have 
work on a system 

Water splits to form 
ature in the region of 40000C. 
conventional nuclear power reactors , which are 
materials of 7000C (10000

13000F). 
steam-raising , it 
ficiently high temperatures for direct water- 
At conventional nuclear reactor temperatures, about 

be dissociated, but the 
low pressure that 

Funk and ReinstromlO considered the use of 

which water reacts with , for example, a metal, to pro-

duce hydrogen and a metal 

the oxide would recycle 
been termed tl thermochemical water splitting. They were, however

unable to find any 
III - 42



temperatures within reach of 
three-, four-, and 
but they were pessimistic about ' ultimate 
contrast, Marchetti5 
of his four-step process , anticipating practical 

from a , theoretically, about 

We made an analysis of a 
without using electricity or 

electricity. Several of 

hydrogen whereas others lack technical 
conclusions, made were-

A purely thermal process for 
would require temperatures in , clearly above the
range feasible with thermal fission reactors or with 
engineering technology. 
make it 

O + X 

XO 

O + Y 

YH2 -) Y 

can be feasible. , however, to 
in multistep processes.

At least three such processes have 
In these processes 
lytic means. All , but 
too early to assess 

The Marchetti Process4' 5, 15 

step process, utilizing fission heat 
HBr produced by the 
quence can be carried 
(13500F). A 
ible processes for all 
chemical 
bersome, however, and 
process may be difficult. Mark I"
Process is currently 
that laboratory work to 
5010 should be pos 



The Von Fredersdorff Process 
tional steam-iron-carbon monoxide process with 
being split to regenerate the Oa.
The latter 
is carried out at low F) by the use of 
radiation from a 
omic feasibility of the process 
development of chemonuclear reactor 

The Vanadium Chloride Process (Allison 
Motors)l1 splits water by 

0(g) + 

2HCI(g) + 2VCh(s) (s) + H2(g) 770

4VCI3(s) 

2VC4(g) 

l3400

770

Theoretical calculations by Funk9 
efficiency of only 
the 21- 2510 obtainable by current, feasible fossil fuel electric
generation and electrolysis technology.

Our exploratory 
processes that 
by electrolysis with 

More than 
Deacon Process:

0(g) + 

The HCI produced can then be further 
pos sibilities are 

Several

1 ) Electrolysis of HCl at a 

Either a thermal or a hybrid 
based on -

2HCl(g) + 2CuCl(s) -, 

2CuCI2.(s) 

Similar processes based on variable-valence elements other
than copper and vanadium , for 
the metal halide can be controlled by manipulating the kinetic
variables or by the use of 
This area is largely 
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The electrolysis of 
used on a small commercial 
have been demonstrated only 
have a potential as great as that of 

Literature data16 suggest that a 

Fredersdorff Process21 and based on 
charge radiations , the need for 
development of chemonuclear 
More data from either 
required to assess 

The future development 
enhance the possibility of 
most of the 
for radiation chemistry.

The empirical 
reported here is based on a brief 
ploratory work in this area would be 

On the basis of , drawn , an ex-

perimental project was , under A. 

in January 
the study reported here, so progress 

on the experimental project is 

is referred to 14.

Thermodynamic Limitations

Using electrolysis as a , Funk and ReinstromlO' 11

(Allison Division, General Motors 

thermodynamic point of view, the 

for producing H2 

operated at constant temperature , the work (W) and heat

requirements O decomposed are -

W = ~ F
q = T AS

where ~ F and t:. S are 
change per O. 

(g) 

/2 O2 (g)

at 250C and , these requirements are -

1II-



= D F = 

q = T Il 16 kcal/g-mole

W + q /). H = 

Thus , for electrolysis at , most 

water-splitting must 
only way to decrease 

temperature (i. e., /) S). 
duced by electrolyzing at , to reduce 

electric 
4000o

On the other ' s l 0,11 analysis 

it should be possible, at least in theory, to develop multistep 

for which the power 
technically feasible temperature (i. e., 20000F). 
of a two-step process two 

Oxide Reactions

O + X ~ XO + 

XO ~ X /2 O2

Hydride Reactions

O + X ~ XH2 /2;02

XH2 ~ X + H2

The specifications for 
or hydride required for 

atures no higher than 20000F (1IOOOC) were 
energy change at 250C and , Funk

and Reinstrom made a 
ides and hydrides. No compounds which would

yield an efficient , based on

semi-empirical correlations , it appears unlikely 
or can be 

superior to water 
of any process having a higher thermal energy 
trolysis still remains, but the ILsuch
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a conclusion is valid, the development splitting
would require either C (20000

or to a process employing 

always exists that, in , some

reactions may be 
displacing the equilibrium by continuous separation of one of 

or b) quenching.

Published Processes - 

Marchetti (Euratom)

Marchetti and his 4, 5, 15 have proposed 

multistep processes that are theoretically 
discuss at length 
a process , their proposals 

temperature limitations by 

With the following four 
to hydrogen and oxygen is theoretically 
ature of 7300C (13500F):

CaBrz(s) + 2HzO(g) -, 
T = 7300

P = 50 atm

2HBr(aq) + Hg(l) 
T = 2500C (4800

P = 25 atm

HgBrz(aq) + O(l) + HgO(s)

T = 2000C (3900

P = 10 atm

HgO (s) zOz( 

T = 6000C (11100

P = lO a tm

The sum of these 

--. Hz + l
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The technical feasibility of 
sequence is currently 

engineering calculation levels.

A second process 4, 5, 15 

simpler reaction sequence by 

tions to 14000C (25500F):

C(s) + H20(g) 

T = 7000 (13 OOO

CO(g) + 2Fe304(s) 
T = 2500C (4800

3Fez03(s) 04(s) + 
T = 14000C (25500

This process, although , is apparently not

being pursued currently because of 

Marchetti15 has 

December 
De Beni, visited us at 
the kinetics and 
complete. As , the

studies on the optimization of process variables 
Marchetti has a team of , which has been 

progres s for 4 years.

A schematic 
that report as Figure III-13. 
respond to units 10, 20, 30, and 40. 
as moles per mole of s description of 

follows:

Calcium bromide and water , producing

calcium hydroxide and hydrobromic acid with excess 
Hydrobromic acid is 
fed into 20 

After the reaction we 
water, mercury, mercurous 
hydrogen. The 
to produce pure hydrogen. 
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are fed back into 
arate most of 
tration 
into 30 together with the 10.

After this reaction we 
is easily separated 

This 
to the reaction , where 
thermally 
returns to 20 to react with 

The cycle is 
of hydrogen and 

Although it 

process in its , certain observations can be

made. All 
gineering technology. 
tional engineering techniques.

The question then is , kinetic, heat and

materials transfer, and 
economical process.

This flow diagram 13) is still 

many of the proces 
only " three process units have been 
of preliminary design and 

1 ) Hydrolysis of CaBr2 , Figure III- l3)

The report A simplified 
has been defined in order to 

reactants (solid- gas or liquid- 
of the products (solid-gas). The report 
reactor is 

The problems in reactor 
of the reaction and the phase 

The reactions 

CaBr2 + 2H2 -) Ca(OH)2 + 2HBr
and

CaBr2 + H2O -) 
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The first , which 

highly endothermic, is 15 kcal/ 
Since the dehydration of Ca(OH)2 to 

the temperatures of interest, the reaction 
sure of about 750 

The equilibrium 
ature- dependent and become of interest 
water. The 

either gas-solid contact below 7600C (14000F) (melting point of CaBr2) or

gas- liquid contact above 760oC. 
elected to operate at 7300C (13500F), just below the melting 

Thus the reactor 
between solid and 
uous separation 
erating reactor. 

the particle transport problem, a 

to be desirable. However, the operation of a 

close to the melting point 
in an agglomerated, plugged bed. , operation at lower

temperatures further 
dilute the 
concentration.

The alternative of gas system above 

point of CaBr2' however , would appear 
CaBr2 can be anticipated to present 
conversion of CaBr2 
solid. To 

limiting the conversion to 
either separation of the two 

CaBr2 to the 
tend to suppress 

Ca(OHh + 
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2) Decomposition of , Figure III- 13)

Both the 
sition appear to (111 OOF) and 20 atm. 

design should present no undue difficulties. 

concerned with the safety hazards proofing associated with hand-

ling mercury at 6000

3) Heat Transfer , Figure III- 13)

Marchetti and his , of the several heat transfer

units shown in Figure III-

, "

some will be critical 
the process. A 
vanced heat transfer units, like fluidized beds 

exchangers. "

The only other 
overall thermal balance for , upon which a 

sheet has been constructed. 
fis sion reactor It is in-

teresting to note that the total heat 
be utilized in the , so 

necessary. "

Work on the other 
laboratory 

4) Reacting Mercury With HBr

Concentrated aqueous HBr reacts 

only at temperatures C (3900F). Thus, operation 

a pressure of 
rates of reaction are highly dependent on the surface 

the concentration of HBr solution, and only moderately dependent on tem-
perature 14. 9 kcal/ g-mole).

The HBr 
siderations. Although 

exothermic 2 kcal/g-mole), 

when concentrated solutions are used 
thermore, the endothermicity increases with increasing 

III-



even though the hydrogen is 

be limited by the equilibrium, at least under 

The process consequence of this will be that 
dilute HBr must be 

The principal problem in process 
mercury 

5) Overall Process 

Although a determination of the overall 
ibility of this process of the data published to date is not

pos sible, in his Marchetti 
progress has been of about 50% 
be attainable; that is, the heat 
of the net heating value of the 

Von Fredersdorff 

Another conceptual, multistep process for 
electrolysis of the Institute 

Gas Technology in 1959. 21 
following simplified reaction 

Steam-Iron Process

Fe(s) + HaO(g) 
3FeO(s) + HaO(g) -- Fe304(s) + Ha(g)
Fe304(s) + CO(g) 
FeO(s) + CO(g) 

--- 

2HaO + 2CO 

Chemonuclear Reactor

ZCOa(g) -- 2CO(g) + 

Oxygen Separation

2Hg(1) + 2CO(g) + Oz;(g) -. 2CO(g) + 
2HgO(s) - . 2Hg(g) + Oz;(g)

III-



The heart of , of course, is the production of Hz by 

steam- iron process, a process 
vented to the atmosphere, the by-product COz 

Oz in a chemonuclear F. 
chemonuclear reactor 

to form mercuric 
thermal decomposition 

HgO(s) -' 

The process scheme must also provide 
of minor 
After the removal , a portion of 

decomposition stream, comprising mostly CO, is recycled to 

section of the steam- iron proces 

As indicated above, the iron process portion

of the overall , although

oxygen separation and recovery with mercury 
developed, current chemical 

process is 

position in the 

The proposed process does, however, call for decomposition of 

under 
theless, the proposal 
Harteck and Dondes of decomposition under t 

The unfavorable 
ingenious use of nitrogen 

There is ample 
CO2 ~ CO + 

can occur at low temperatures under 

radiations, electric discharges, or , as the

reaction is reversible little net 
conditions. Harteck and Dondes

lZ found that the reoxidation of 

monoxide to carbon 
complex process than generally 
bon atoms and carbon , they showed 

process 
III-



The eventual commercial feasibility 
assessed at this 
versions per pass will 
opment of the process will 
reactor itself.

Juppe13 has 

velopment of chemonuclear reactors. 

the fission process 
of the fission particles. 

kinetic energy is converted 

the material of 
that can penetrate the reactor and be 
ical purposes.

In a chemonuclear reactor, the conversion of 

the fission 
partially for 

fission fragment' s track length 2. 5 cm 
(only 5-25 microns in 
face area of 
required. Thus , the fuel 

such as extremely thin foils, probably of 
anical strength. U 235 impregnated glass fiber 

but tend to 

severe nuclear hazard. 

fission fragment passing 
the matrix. 
increase in radioactivity of 
integration of the fuel element. 
severe with the thin 

A second technical problem is 
technology can provide effective , the cost

may be 
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The third 
connnercial chemonuclear reactors is 

both the reactor itself 
addition, the radiation chemical 
factor. According 

13 " ... the radiation chemical 

up to now for 
these proces ses competitive with conventional proces 

Yields are expressed in terms i. e., 
molecules formed per 100 

A high 
duce a lot of J2 obtained G-values as high

as 8. , for the 
if the 500/0 could be achieved, a 2-

chemonuc1ear reactor would 

CO2 per , 000 SCF of 
This is obviously not currently competitive with 

thermal fission reactor , 000 SCF of 

electrolysis. )

However, the theoretical 

tion is considerably higher than max
tion and may ) Therefore, it 
be possible to vastly 
of the 

Further development 

depends on the further development 

and radiation chemistry.

Other Process Concepts

We have approached the 
through an empirical 

obvious types of elements or 

We then studied the 
well as the feasibility of 
either H2 or 
product compounds 

erated by thermal decomposition and 
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that will 

evaluation of the negative conclusion arrived at 

In addition, however, the intimate knowledge 

namics and properties of 
stage for visualizing multistep 

In evaluating the 

erating reactions, thermodynamic Bureau of 
Nos. 
tion of Gibbs ' free energy (L\ o) for the reactions at 298.

and at 10000 (IOOOCX = 7270C = 13400F), which was used as 

limit because 
of interest and 
can be achieved in a thermal 

energy changes less 000 
potentially feasible, although negative free energies are preferred.

Scanning of the periodic table 

simple) types of elements or 
potential reducing or splitting 
potential splitting reactions 

C + H z --+ CO 

(1 )

(2 )

(3)

(4)

(5)

( 6)

(7)

(8)

(9)

(10)

(11)

C + 2HzO 

CO + Hz --+ COz 

M(metal) + aHz --+ MO aHz

a + bH2 --+ MOa+b + bHz

Ch + Hz

--+ 

/ zOz

2MCI --+ Mz + 2a 

3S + 2Hz --+ SOz 

MS 

--+ 

aHzS

MCz + H2

--+ 

MN + Hz

--+ 
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The potential 
and some of 
nonmetallic elements , sulfur, and 

nonmetallic elements (such as group VA: nitrogen, phosphorus, arsenic
antimony, and bismuth, and selenium, tellurium, and polonium 

VIA) were 

In general, our 

ReinstromlO'l1 are valid 

agents capable of , carbon monoxide, sulfur, chlorine

many metals, and the lower 
enough so that regeneration is 
(13400F). 
regenerating the original 
than 1000o , the 

feasible. The 

ing conversions: 03 ~ 2Cr03;

3CoO ~ C0304; 3PbO ~ Pb304; 03; CU20 ~ CuO; SOz ~ 

S ~ HzS; Brz ~ 2HBr; and , particularly

the oxides of 

oxides, such as manganese, molybdenum, vanadium, chromium, the rare
earths, and the metal sulfides, may have 

A two-step process might 
tial 
by increasing the temperature of K (13400
or b) if 
ature. For example, the carbon-steam-iron process could 
decomposition of Fez03 to Fe304 could be carried out at 12000 1400o

(22000 25500F) as proposed by 

C(s) + HzO(g) -- 

CO(g) + 2Fe304(s) 

7000 (13 OOO

2500C (4800

3Fez (s) 04(s) + 14000 (255 OO

III-



Several two-step reaction 
if the splitting reaction 
room temperature. An 

O(I) + 03(s)

~ F298 = +19, 570 call g-mole

Mn2 (s) 

~ FIOOO = +12 , 350 call g -mole

Although the thermodynamic equilibria , the reac-

tion could be 
02 if 
be accomplished by catalysis or 
tion. However, no such data are 

Another general method of 
on the two-step process is to circumvent 

means. 
of this. In , CO2 was decomposed 

thermodynamic equilibrium is almost 
in the presence of 
product molecules are formed and 
sible to , such as Fe203,

to oxygen and the lower 

inhibitor. However, so far no references 

found, although our 

In considering possible multistage processes, no 
approach has been 

of known feasibility and tries 
which the splitting 
start with a 
ward by visualizing 
generated. 
these schemes 
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Processes Based on the 

Among the most promising 
ing water- splitting reaction:

O(g) + 

In this way 
becomes 
HCl. This reaction is known commercially de-
veloped Deacon Process 
completely reversible and 

at temperatures between K (9800 l3400F). 
is definitely technically feasible. 

than splitting water. 
that of water at 500 

750 
the electrolysis of 
of water. Furthermore, the saving in 

lower polarization expected at 

electrode. The 

ried out 

The overall reaction 

0(g) + Ch(g) /202(g): T K (l3400

2HCI(I) K (800

~_.~._-----~------_._--~-

-4 Hz + I / 

A further 

O(g) + 

2Hg(l) + 2HCI(aq) H2(g): T = 

2HgCI(I) K (9800

HzO /202

The free energy K is , 700 
mole. 
half that for HCl.
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Although the development of a 

HCI may be pos sible, it will not be as 
first place, the development of 

HCI + M(metal) /~H2

MCI /2 Clz

faces the 

elements that react with 
cannot be thermally K to regenerate 

Conversely, 
decomposable to the element 10000

will not react with HCl. , gold, platinum, and

rhenium 

On the other hand, it 
based on the oxidation-reduction 
chlorides of 

feasibility is the following:

0(g) + 
2HCI(g) + 2CuCI(s) 

(g): 

+8000 call g-mole

2CuCb(s) -) +5500 call g-mole

O -) /2 O2

The dissociation pressure of 250 

at the melting point (4980C = 9300F). Therefore, a viable process for 

3rd step should be 

The second reaction in 

HCI + CuCI 

appears not to have been 
following reactions have been 

However, the

2CuCI(aq) 

2HCl(g) + Cu(s) C (4400
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Thus , it 
although laboriously, at 

seems probable that the addition of a suitable 
ethylenediamine, by thermodynamically 
allow the reaction to 

CuCI(aq) + HCl(aq) + Zen( aq) -' Cu(en)z z (aq) l/ZHz(g)

Alternatively, it should also be possible to carry 
tion (CuCI + /z Hz) by 

duced electric 
+22 , 750 call , of course

would be the relative 
in a complex process.

A similar 
O(g) + Ch(g) 

2HCI(g) + 2FeClz(g) = +12 , 500
1000

call g-mole

2FeCI3 (s) = +2300
500

call g-mole

..., Hz + 1 /2; Oz

Neither of 
thermodynamic equilibria, but the conversions might be driven 
pletion by recycling the , or the

use of 
the decomposition of FeCl3 can be 
according to the following 

FeCl3 + 

NOCI is easily 
and Clz. However, the C = 6000

will present process 

An electrolytic process for 

FeClz + HCI 300 call g-mole

should also be feasible. 

of that required for 
trolysis of Hz
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Other potential 
Deacon Process include 
(i. e., 4- 6 Phase 
we have learned that 
at seve\ al of , bismuth, and

vanadiu , which

appears 0 , was 

O(g) + 

2VCh(s) + (s) + Hz(g): T = 3500

4VCI3(s) -- 2VC4(g) + 2VCh(s): T 

2VCI4(1) -- 2VCI3 (s) + 

Processes Based on Carbon 

Another basic water- splitting reaction that 
terest is that O with carbon - 

form or as carbon 

0(g) + C(s) 

H20(g) + CO(g) 

2HzO + C / COz)

H2 production processes based on 
to be commercially 
tions for , the problem then 

for 
of water.

One approach, which should is tu use

the product COz in , by photosynthesis , of carbohydrate.

which could be O and carbon for 
be used as food and ultimately 
pyrolyzed garbage. 
balance calculations , it 
recycle could be 
processes would be , to the extent that the 

used in some such fashion, the burden on 
relieved.
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One of the attractive 
agent is that the 

carbons , methanol, or a wide 
the elemental form. However, in , 1 mole of 

is produced for every 2 moles 
Especially then the 

Thermodynamically, the splitting of 
perature from F). 
above F) would be required to 
O2 in reasonable yields. Furthermore, a two-step process 
CO2 to CO and 1 /202 is just 
for H2O. 
below F and 

retically, multistep , but would probably

have no advantage over multistep 
be more circuitous.

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

dynamics of the reaction 

CO2 "" CO + 

are circumvented by 

hibitor for the back reaction, appears 

conceived which will permit 

based on the splitting of H2O with carbon or carbon monoxide. 
cated before, the , but

would require 

However, the same 
radiation techniques - 

energy in 

The decomposition of CO2 by 
ago as 1788. 16 Nevertheless, the extent of decomposition tends 

quite small because the electric 
reaction. On 

can be (48'10 at low pressure 
of silent electric discharge. 

III - 64



also been 
by thermal quenching 

nitric oxide 

and prevent the formation of solid 

It was also 
1 gram , which shows 

tion is not a direct , it 
only about 
chemical energy. 
than 80% (i. e., 
sition of at least 1 
electrolysis of water in terms of 

Since we have not reviewed , we are
in no position to evaluate what overall electrical 
pected for the decomposition of CO2 

suggest that if a 

sibility of achieving reasonable efficiencies, a laboratory investigation 
the decomposition of 
two objectives:

The results 
bility of a proc~ s 

Since the two processes are , the results
would permit at 
Fredersdorff Process 
techniques.

Other Exploratory Systems

Some attention has also been given to the 
processes based on splitting 
carbon, so far without , the process 

ing such 
knowledge of the extensive 
feel that the further exploration of these 
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We would also like to 
tions by nuclear 
materials other than CO2, 

with 
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Appendix III- Modern Electrolyser Technology"i~

Excerpt from Reference 20.
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MODERN ELECTROLYSER TECHNOLOGY IN 
A. K. 

Extent of Use

Electrolysis of 
out the world; but the 
surprise to many. the
electrolytic process for producing hydrogen is now generally considered too costly
for practical purposes " Such state.ments apply to large plants , except in low cost
power areas , but do not adequately reflect what has in fact been happening in thefield. 
plants in operation today throughout the world and a considerable number are being
built every year.

The capacities in industrial use range from as little as 500 cubic feet per
day, absorbing perhaps 3 kw, to ever 40 million cubic feet per day, absorbing
240 thousand kw. 
are between 10 thousand and 500 thousand cubic feet per day. 
stallations exist at low cost hydro-electric 5i 
manufacture of synthetic ammonia for nitrogen 
are in Norway, India, Egypt , Japan, Peru, Korea, Canada and Australia.

The uses of electrolytic hydrogen plants in North America and abroad are as
diverse as are the uses of hydrogen itself. 
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 distribution

Cooling of electric generators at thermal power stations

Uranium extraction and processing

Chemical synthesis (Examples nylon and polyurethene intermediates
sorbitol, etc.
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Nuclear power stations - 
graphi te 

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. 
$3. 00 per 1000 SCF. Future uses will 
industrialeff'luent 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 

TABLE II

TYPICAL OPERATING DATA FOR MOST INDUSTRIAL ELECTROLYSERS

2 H Electric
Power --7

211 (gas) (gas)

7 u. S. gals. 
(distilled or demineralized) 7 to 99. 9%) (99. 3 to 99. 7i)

Electrolyte pure KOH solution, strength 25i to 28"P

Operating Temperatures

Cooling Water ~ 30
0 C.

0 c. to 900 c.

200 to 300 u. 

Production per 1000 amperes 15. 9 SCF H2 and 7. 95 SCF 02 per Hour at

100% current efficiency 

Specific Power Consumption

(in kwh per 

(or 63, 000 amperes per 1000 SCFH approx. 

Cell Voltage x 

Amperes x x 15.9 x c.
Cell Voltage
15. 9 x 
96% to 99. 9i according to cell designCurrent Efficiency (c. 

and condition.
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The electrolyte most commonly used is 
chloride grade at a strength of 28% for maximum conductivity. 
may be used to reduce loss of feed water by evaporation when operating at high
temperatures; in cells of 
carbon dioxide from the surrounding atmosphere , sodium hydroxide 
in spite of lower conductivity as it costs less to replace. , the
original electrolyte charge normally is used for more than ten years. 
make-up is required to replace mechanical 

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. 
efficiency, specific power consumption is in direct proportion to ceJl voltage
and, conversely, energy efficiency is in inverse proportion to cell voltage. 
design and operating methods are accordingly directed toward achieving a minimum
cell voltage consistent with economical capital and maintenance costs, and equip-
ment service J,ife.

TABLE III

Overall cell voltage includes the components given in Table 

CELL VOLTAGE COMPOrmNTS

Cell

Cell

Rev.

Rev.

Voltage at cell terminals

~eversible decomposition voltage

Overvoltage at Anode

Overvoltage at Cathode

Loss due to ohmic resistance of electrolyte and
cell parts

The ~~versible decomposition volta~e at atmospheric pressure and 25
0 c,

is 1. 23 volts; 
sorbed to maintain cell temperature; 
as excess heat. 
be applied before current begins to flow. 
wi 
choice of diaphragm material, by maintaining electrolyte strength at the point
of maximum conductivity and by operating the cell at the highest possible
temperature (about 800 C. in present practj.

ce) compatible with the materials
of construction. I11-



The anode and cathode overvoltage phenomena are themselves made up of
a number of individual losses not fully understood. 
sidual losses are affected by the choice of electrode material, the mechanicc:.
condition of the surface , the current density, the temperature of operation
the presence of impurities and/or catalysts and the adequacy of electrOlytecirculation. 
Types of Electrolyser

Electrolysers presently available for industrial use are in one of two
basic classifications uni-polar or bi-polar. 
ted in Fig. polar electrolyser, each electrode has the same
polarity on both surfaces and carries out a single electrode process (i.
either hydrogen evolution or oxygen evolution). 
number of electrodes and all electrodes of like polarity are connected
electrically in parallel. 
valent to that of one pair of electrodes or approximately 2 
total currents per cell may be carried at this low voltage potential, by
increasing the number of electrodes in the cell tank. 
of cells are then connected electrically in 
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 . on

the other. The 
similar to that of the plate and frame filter-press. Each 
s~ated , its neighbour; 
electrodes forms an individual cell unit. 
:f'rom one end polar electrolyser may thus

contain from 30 to several hundred individual cells ~n 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. Wi 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 lmver
current requirement for a given hydrogen output which, in smaller plants, can

mean lower rectifier cost.

A bi-polar electrolyser is illustrated in Fig. 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. 
applied, care is taken to avoid short circuit currents, which can 
current efficiency and gas purity. 
separating 
includes cooling and filtration.

III-



Uni-polar electrolysers, of which an example is illustrated in Fig. 
require heaVy interconnecting DC bus bars and, in some cases, greater floor
space. They 
this is mainly because of the low DC voltage per unit and the relatively 
contact 
welding shop techniques are 
polar cells. Because , uni-polar cells may be
economically operated at lower current density and high electrical efficiency,
if pref'erred. The operating condition of an individual uni-polar cell (for

example, hydrogen and oxygen gas purities) can be checked and 
single cell removed for repair without significant interruption of hydrogen
plant output. This 
supply is essential. Under normal conditions , modern uni-polar cells. 
expected to operate in excess 
haul; 
spares on hand.

As indicated in Fig. 5, in terms 
uni-polar cells are no,'l available which, in comparison to bi-polar cells,
require comparable or less total 
space for auxiliary equipment are included.

In industrial electrolysers 
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 
proper conditions of a.pplication, the diaphragms will last 

20 years.

The uni-polar cell illustrated in Figure 3 is 
which contains 19 electrodes (10 cathodes and 9 anodes); 
of operating at DC currents to 20, 000 amperes or higher on overload. 
and interior plated steel; the 
terminals are silver-plated to minimize contact resistance. 
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. 
individual separators, returning condensate and electrolyte entrainment to the
('ell 
the anodes and the cathodes are treated to obtain a more active surface 
electrolysis. A polar electrolysers are connected electrically
in series to form a cell battery as illustrated in Fig. 
has an output capacity of 4 000 cubic feet of hydrogen per hour. 
occupy approximately 120 square feet , to which is added approximately an equal
amount to 

Pressure Electrolysis

Pressure electrolysers have been the subject of study and development for
more than f'i:rty years ~available with a capability of 
at a pressure of 30 atmospheres. 



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. 

pumping and is carefully filtered to 
passages within the electrolyser unit by corrosion 

impurities. Feed 
rate of load change carefully regulated. 
cost, there are obvious advantages to deriving both gases at a pressure
sufficient for storage and pressure electrolysers represent an 
development of interest.

Electrical Efficiency

Fig. 6 illustrates atypical 
uncatalysed bi-polar and uni-polar cells. 
impressed voltage of approximately 1.5 volts DCj small increments of voltage
result in relatively large increments of current or hydrogen outp~t. 
rectifier voltage control therefore provides a precise means for regulation
of gas production. It 
gain in efficiency at lower levels of output. 
at low current density requires more or larger electrolysers and therefore
increases capital cost. 
investment/efficiency characteristic and, for each hydrogen project, an
optimization study is obviously needed based on the power cost and other
conditions prevailing 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 
both capital and operating costs substantially. 
for economy are as follows:

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

Operation should be integrated fully with an existing electrical load
(ei ther 
control to avoid imposing new peak power demands. 
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.

Capital investment should be minimized by packaged construction and
by utilizing the inherent overload capability of electrolytic cells
(with some designs , up to 20CP!o of normal). 
demands, or variable power availability, mAY thus be accommodated with
a less than proportionate impact on capital cost.



Design and construction of the electrolytic cells should be 
rugged to provide the above operating flexibility, and to assure long
service life at good performance with a minimum of administrative and
maintenance attention.

Opportuni ties for product oxygen should be

f'u11y exploited.
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THE ELECTROLYSER CORPORATION 

LARGE SI-POLAR 
TYPE - DE 000 Amperes D.

FIGURE 2
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UN I- POLAR ELECTROLYSER
Type -STUART - 20,000 Amperes D.

FIGURE 3
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THE ElECTROLYSER CORPORATION LTD.

UN CELL BATTERY
CAPACITY 4,000 

FIGURE 4
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FIGURE 5

SPACE COMPARISON

BI-POLAR and UNI-POLAR CELLS. Capacity 14,300 SCFH H2
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= 2300 SQFT

FIGURE 6
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Appendix III- B. Specifications and Descriptions of 
Teledyne Isotopes 
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The three basic models available in this series 
rates as 
ed below as an example. 
to be easily adapted to match generating station constraints , such as
hydrogen requirements, cooling water temperature , floor space 
ity or generator locations. 
the systems will rangebetwe~n $. 15 per hundred cubic feet of
hydrogen. Electric 
feet of hydrogen.

SPECIFICA TIONS

MODEl MODEL MODEL
5 SlM 20 SlM 50 SlM

Hydrogen Production
(SlM)
(SCFH) 106
(SCFD) 250 '000 2550

Hydrogen Del ivery 
(PSIG) 90-100 90-100 70-100

Oxygen Production
(SCFH)

(PSIG) 80- 90 80-90 60-90

Electrical Input
V AC (60 Hz) 220 + 5% 220 + 5% 460 + 5%
Phase
KVA

Amp. Service

Make-up Water
(Distilled or equivalent!

(GPD)

Cooling Water
(GPM &! 60 1. 2

Ventilating Air

(CFM &! 40 C max. 1000 1000 1000

Electrolyte (KOH) 1Wt. %)

Inventory (GAL)

Cabinet Dimensions (ft.)

System Weight lib. 800 1200 1500

SYSTEM DESCRIPTION
The Teledyne Isotopes gas generation system operates on the well-estab-lished principle of water electrolysis 
water to its basic 
the Teledyne Isotopes system include the 
electrolysis module , the controls , and the ability to deliver high purity
hydrogen. This 
ment on electrical systems. 
builder for application in many processing industries.

ill-



The basic system consists of two separate sections - the power 
and controls section and a gas generating section. , air- cooled
units feature these partitioned sections within one cabinet 
cooled, 50 
energized from a main disconnect switch , full 

. matically attained within 
the small daily variations in make- up hydrogen requirements and requires
only routine monthly maintenance involving semi- skilled personnel. 
design and performance of the unit will satisfy most local safety and fire
insurance code requirements.
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IV. HYDROGEN 

Intr od uc ti 

The gas industry has a very 

transmission system. 
ledged to be one of 

tion, because the system , it does not arouse the

criticism of those environmentalists 

of the more 
landscape. Transmission 

valuable factor in 

son we must draw is with 
sidering the use of 
direct use of nuclear-based electricity. 

trend in nuclear 

erates and to site 
safety and cooling requirements. , we examine 
nology that already exists in 

natural gas , and derive some
estimated costs of transmission of 
distances. We hydrogen transmis-

sion systems.

Need for Bulk Transmission

At present, all indications are that 
for single 

Once the smallest 
megawatts, removal 
and forces the , the

economy of scale takes over. and we 
1000 MW (3. 4 billion Btu/hr) output are , with 
ures of 
siting of such 
for cooling purposes, we 

will be large 
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Our energy 
immediate problem arises of transmitting 
production site to 
diffuse distribution occurs. Thus, the concept of bulk energy 
sion, already needed 
more necessary for 

A national energy grid 
boosting the reliability 
and more routing options, thus 
of both generating and transmitting equipment, such a system 

some evening out of 
of the large distances involved in 

does not exist, but area power 
jectives. In smaller 

Great Britain, national electric grids are 

has a comprehensive gas , it is by no 

national grid because most 
to individual load areas. , however, but the need

for a greatly interconnected 

underground system than in a 

We may ask 
the right locations for 

existing pipeline equipment, it 
the hydrogen 
this will be ideal; in others, some 

general, we can 
shore , with only those in fully utilize existing

transmission line routes. detailed generating station siting survey

should be undertaken in order , such as

proximity to large-scale hydrogen customers , oxygen customers

water, and 

cooling

IV-



Present 

The transmission of hydrogen under pressure in large 

an established industrial practice, but 
very small 
installations, hydrogen diameter
high-pressure pipes. So 
move hydrogen over great 
some interesting installations to light.

Air Products & Chemicals, Inc., 

plying many industrial gases, including hydrogen, by 
from an 
Chemicals 1970 Annual Stockholders ' Report

Industrial gases are 
most of , the United Kingdom, Belgium
The Netherlands, Germany, and 
to a part of , particularly the
steel and chemical industries, is accomplished by 
cating a plant near the 
through pipelines.
Large volumes of oxygen, nitrogen, hydrogen, and car-
bon monoxide in a 
lines to industrial plants located within 
distances from s plants. These 
made under contracts varying in 
years which require 
minimum stated 
cases , for 
During 1970 the 
capacity of 
an investment of more 
capacity has term 
customers by direct 
Growth in the sales of 
pipeline gases from 
expansion of this facility 
twice its present 
other opportunities to expand 
important basic gases for 

New long-term 
line sales of industrial gases at the 
Rotterdam, The 
ing on a large industrial 
ture of oxygen, nitrogen, hydrogen, and carbon 
to supply these and other 
Netherlands merchant market.

IV-



We discussed the 
which went on record with 

Air Products uses 
hydrogen, oxygen, nitrogen, and carbon monoxide.
The piping of hydrogen is 
as the other gases with no 
practiced specifically 
longest hydrogen pipeline Air Products 
approximately 12 miles and is an 8- inch line operat-
ing at a pres sure of 200 area. 
of hydrogen pipelines of various 

We also discussed 
Corporation. 
day scale for 1-2 miles is in 
extending the distances to 100 mile range. 

at one time to 
grounds in , but not constructed.

At present Linde has pioneered a hydrogen "transmis sion
system using rail 

A comprehensive 
Germany is 

of about 130 miles. 

this network 6 and is extracted below:

In 1937, the 
was s selection of
the location at Marl on the northern border of 
area. At 
of synthetic rubber, the hydrocarbons required 
ducing acetylene and 
in adequate amounts over as 
possible. These 
boring Scholven 
Bergwerksgesellschaft Chemie AG,
Gelsenkirchen-Buer plant) 
Gelsenkirchen, where 
hydrogenation with the formation of 
off- gases containing 
cracked in the electric arc 

Another controlling factor in the 
the presence in 
producing coke-oven gas, from which 
obtained in Linde- type gas separation 

IV-



Production at Huels started in 
erection of the plant units , installation of the pipelines

needed for 
been started in 
nominal sizes to carry gases from 
Schloven and Gelsenberg hydrogenation plants to 
were laid 

Only a very small 
duced in the electric 
use at Huels, whereas 
large 
nominal size were therefore laid from 
and Gelsenberg to route this 

Because the amounts of 
not sufficient, the firm erected 
separation unit to recover ethylene for 
essary gas was 
plant through a 11 ~km pipeline, as well as from
the Gewerkschaft Auguste Victoria coal 
Huels, and from Ruhrgas km line.
The fuel gas required by Huels was 
schaft Auguste-Victoria through another 

All the pipelines 
1938 and 
pipeline from Castrop-Rauxel to Marl, which was 
structed in 1943.

After this development, the network , and
there was an 

At Huels there was 
product hydrogen mentioned earlier. Part 
hydrogen went to the Ge1senkirchen-Buer plant of
Veba- Chemie and to Gelsenberg- Benzin AG in Gelsen-
kirchen. To , a sys-
tematic expansion 
in 1954 with the object 
plants. , Gewerkschaft 
Castrop-Rauxel was 
23-km pipeline. In , pipeline con-
nections to existing 
in Dusseldorf to Farbenfabriken 
Uerdingen, and at Leverkusen 
at Oberhaus en-Holien (300 
Chemie West at Wanne-Eicke1 (200 mm).

It 
the system. Meikenich
also had hydrogen at its disposal, and so 
hydrogen network by installing a 
to 100 

IV-



In all, the expansion increased 
pipeline network by , and the 
grid to 512 km. 
ber of 

From 
the pipeline, with , is designed for a

pressure of 
throughput of the system in , corres-

ponding to an annual throughput of 4 trillion
Btu/yr. The 

is not equipped with any 

company s natural gas 
uses steel of , which corresponds 

A map of IV-

LIPPE
CHEMISCHE WERKE

HULS AG.

DORTMUND

DUSSELDORF

HENKEL
r:::::?

WUPPERTAL

BAYER
LEVERKUSEN

50 MILES

62-582

Figure IV - 1. HYDROGEN 
CHEMISCHE WERKE HULS AG IN GERMANY, 19706
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Another hydrogen pipeline located in , is

about 50 miles 

Interestingly, none of 
found are long enough 

Although experience in design and 

exists, there 
can observe typical , such as optimum pressure 

and spacings. We , however, that pipe 

reasonable distances is already an 

the pipelines pass 
of practice have 
approval of local authorities.

The question of the increased " leakines s 
gas is a possible cause for concern. 
handling of helium, which density gas with diffusivity 
age properties similar to 
hazardous gas , it is valuable 

As part of , a helium 

line has 
in Kansas and 
Texas. 12 The , and

operates at 1800 , which owns and 

the line, told us 

or maintenance , which went 

1962 and has been in 

that helium 
acceptable levels because of 

Materials for 

Recent trends in chemical 

ing use of hydrogen under high pressures 
Because of this , results of 

collected and published. 

limits for the use of 

IV-



Figure IV -2 indicates the service life 
v::trious conditions of exposure to , over a

very wide range , hydrogen exposure does not 

sent problems , even for carbon 

Existing hydrogen lines constructed of mild 

hydrogen embrittlement problems. 

troubles with conventional natural gas 

rosive 

, "

atomic hydrogen" formed at 
site can 
the other hand, molecular hydrogen 

trate at 

and pre sents no additional problems in 

However, in examining 
hydrogen, an area 
inary , under present

investigation by the 
has been termed "hydrogen environment embrittlement. 

The term "environment" is used because the 
relates to the 
as opposed , better 

vironmental effect, in which hydrogen presence within the material is the

cause of difficulties in 
to as 

Over the period of , various 

experienced a rash pressure hydrogen 

which were 
gen was of high purity, 
which is at 

at which all 
been removed as solids. These 

sections of vessels that , such as

cylindrical sections plus end 
significant point because the normal, commercial high-pressure 
bottle ll is piece, forged , these vessels have

not experienced the hydrogen environment embrittlement failures.
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Based on these incidents, NASA Center

study of the 
eral years ago. house investigations

were 
Huntsville, Ala. ; Lewis , Cleveland, Ohio; and 

Research Center, Mountain View, Calif.; and under 
Rocketdyne Division of North American 
Aircraft Division of United Aircraft Corporation. previously published

report by Rocketdyne 

information.

We discussed the problem with , Marshall Space

Flight Center, and the 
imen of high-strength pressure vessel material, A- 302, Grade B, which

demonstrated the surface cracking 

sample showed a great 

the cross 
, OOO-psi pure hydrogen similar specimen

subjected to tension in a high-pressure air environment showed no cracks

failing in 

NASA indicated that 
similar surface cracking in 

the specific 
A rough correlation has , however, between 

of the cracked area 
is attacked. A extremely, 
used to 

Where a case of "extreme " hydrogen attack is noted, as for certain
high-strength , only a few very 

noted, with one of 
hand

, "

moderately" attacked metals such as 
steels of the austenitic family, 304, 305, and 310, show a 

number of 
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A listing 
of the ' in 

Table IV - 1. MA TERIALS 
TO HYDROGEN ENVIRONMENT EMBRITTLEMENT

(Source: H. 
NASA Lewis 

Extremely High strength steels
Maraging
410, 440C, 430F

, 4140
17-4PH, 17- 7PH

Severely Attacked Nickel and nickel 
Nickel 200, 270
Incone1 625, 70, 718
Rene 41
Hastelloy X
Waspalloy, Udimet 700

Titanium alloys
Ti- 6Al-
Ti- 5Al- 5Sn

NOTE: 
pipeline steels of the X42...
X65 series with 
C is 
grouping.

Low-strength steels
Armco Iron, HY - 100
1042, A- 302, A- 517

Cobalt alloys
S - 816, HS - 188

Moderately Attacked Metastable stainless steels
304L, 305, 310

Not Attacked Monel
Be- Cu Alloy 25
Pure titanium
Aluminum and copper alloys
Stable austenitic stainless steels

316, 347, A- 286

Note that typical low- 
II " However, it should be 
conditions for 

amined in order to 

line operation.

IV -



Limited work on hydrogen environment embrittlement has 

in mild carbon 
to studies of ductility 
clas s and 
work focused 

In the contacts with NASA, and as derived from Reference 7, a num-

ber of 
are the 

Temperature: Room 
the problem does not occur at , nor above

about 12 OOo

Pressure Failures are , with one

correlation attempted half power re-
lationship with attack severity.

Hydrogen Purity: Hydrogen 
condition for attack. o. 6- o. 7% and 
lower 
attack by preferential combination with 
areas. 
oxygen.

Another 
ment embrittlement to 
general yielding in the presence , failures have

not been experienced in cases of 

and test specimens. In 
failed, causing , it 
local inelastic straining in the areas 
induced stres ses had occurred 

This observation suggests that it 
lines where a 
effects should be 

Hydrogen environment embrittlement has 
potential problem that must be 
energy transmis sion 
used in 
sidered in view of their 
have been demonstrated to 

IV - 12



whether this is real" 
moment. 
processing pipeline that 
failures being noted. 
tion nor Air , Inc., has expressed evidence or

concern that hydrogen 
is a problem. Indeed, the 

to earlier has operated without 

What is 

far into the potential 

pipeline steel, both parent and welds 
zones) could be 
atus. 
study to ensure that typical 
is required.

Compressor 
hree . hydrogen

pipelines:
Pi ston reciprocating compressors
Radial turbocompres sors centrifugal compressors
Screw compressors

Axial tu::bocompressors might 
volume s are handled.

All of these types can handle 

from the , but 

the capacity requirements , operating pres sures , pres sure ratios, and
pres sure difference 

Reciprocating compres 

are , but because they are

positive- displacement machines , their size 
verse ratio of 
pressure to deliver , this nearly

fourfold increase might 
pressors will 
as they carry with 

capacity at 750 

IV - 1 3



Because no special 
reciprocating compressors , we can make

a good comparison of their 
After lengthy calculations , which appear , we 

that -

For , the volumetric 
change appreciably.

The relative 
compressor is 

The adiabatic efficiency 
gas at the , while at lower pressure ratios, the
adiabatic efficiencies on 

For radial turbocompressors , the limiting factor 

ratio achievable in one 

converts kinetic energy , and 

directly proportional to the rotor tip speed 

ical properties of 
such a light , achievable pressure 

than obtainable with natural gas at 

speed is limited by the 

A radial 
sure ratio 
pres sure ratio of 

increased, for example, to 1300 , a pres sure 

could be reached. , a 

about 2500 ft/ s is , this is not

attainable.

One way of 
stage compressor. 
stages at conventional speeds. However, until complete 

zation studies are completed, it 
ratios are , as they are 

the volume of 
geometry and rotation speed, the volume 
be the same for , so the energy throughput on hydrogen 

smaller than that 
IV -



values. The 

of natural gas at 750 , it
will tend to leak back , the 

pressor designed , when , is expected

to decrease. Nevertheless, properly designed 

service should have 

Screw compressors have not pressure appli-
cations (above about 600 , they combine 

features of both positive- , and are
oil free. , if developed for higher , they

could be valuable for hydrogen 

Hydrogen Pipeline 

A thorough search 
design system for a hydrogen 

natural gas l3 which deals
with the capacity and , but 

not devoted to hydrogen transmis 
dealing with a 20- inch pipeline. 

calculations from first 

costs of hydrogen 

We set out first 
pipeline if it 

capacity of the line with no 
the conversion on 

equipment. We compression section
(a length of pipeline 
pipeline. We 

sion section, with cooperation 

Pipeline Rand Company)
and were 
pipeline.

The calculations required to carry 

were 
worked through in more detail 

IV -



At the outset 
which suggested that, for natural gas pipelines, compressor pressure

ratios of about 

vided by Natural Gas Pipeline, which 
were 
750 psig, we 
Thus , our assumed 
section are -

Pressure Ratio TING
1. 3

Average Pressure 3 psi/mile

Average Pressure, Pavg

Average Temperature, Tavg

Average Compression 

750 psig

5200

65 miles

Other reference data we 

In subsequent discus 
compressors are 

same average pressures , this re-

quires a compressor 
pressure ratios 
gas, but we have 
study. Meanwhile, our 

sion section of 65 miles. , where 

to yield figures appropriate to a 

To evaluate the 
section on hydrogen , we had 

the relative volumetric 
gas. For , we assumed 

running at the 

we determined that the volumetric 9010 and 89% on

natural gas and hydrogen 

radial 
by the matching of 
gas and that inferior 

IV - 1 6
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designed for natural gas 

sumed that a radial 
expressly for hydrogen and 

we assumed that the 
gases in all 

Using the basic flow equations , we 

volumetric flow 
hydrogen. In 
(the Btu/hr 
values (Btu/CF) of the , these are

roughly in the hydrogen/natural gas ratio of , due 

different compressibility factors, this ratio changes 
increased. We 

at 750 psig it is 

. ratio for 
pressures , which were 

to below 100 atm.

The results of , which

shows the relative 
pipelines operating at different average pressures. 
are superimposed: One 

capacity (i. e., 

the effect of varying the 
values are given as relative numbers , referred 

dition for the original 

From this 
capacities of pipeline sections at any given pressure from 
psia if no 
determine 
power or 
equipment are needed in order 

carrying 
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Some points of interest are 3, which indi-
cates that an 
capacity, to about 

stituted without modification.
Table IV - 3. RELATIVE CAPACITY OF 

ON HYDROGEN AND NATURAL 

Compressor Compressor Energy
Gas aci Horse ower Deliver Rate

Natural 1. 0 1. 0 1. 0

Hydrogen 1. 0 O. 1

2. 1 1. 0

1. 0

Note that these figures relate to 
is unchanged, 

turbocompres sors. 

the compressor and 
original capacity of the line. , turbocompres sors would be

replaced with custom-designed equipment intended for hydrogen service.
Considerable benefit would result 

sure, but 

We calculate that a 
speed would deliver a pressure 

reduced flow rate does not in 

neglecting the lower efficiency , the capacity of

the pipeline 2410 or less if 
were made.

Nothing can be learned from Figure IV 
extra compressor , which must be 

separately, or of increasing 

existing compressor 
late the changes in 
order to , using one

two, three, or four parallel 

The use of multiple 
ratio at the compressors, clearly an advantage 

used. 4. , we
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note that very considerable reduction in 

obtained if more 
swept volume requirement is 

Further 
neces sary to operate 

on a custom 

now available in A. We 
in the following way:

Reciprocating compressors will 

Radial turbocompressors will not 
must be 
hydrogen service.

Without modifications, an 
reciprocating compressors will 
on hydrogen on an energy basis.

To restore , both the

compressors and their 

The addition of extra 
horsepower to be 
required.

The existing transmission 
for operation on a very cheap fuel, and therefore we have 

the design is such 

If we , at a cost of $ 

gas at a cost of, say, $ , the

optimization becomes very , and 

costs are likely 

Thus, very misleading and pes 
try to calculate the operating costs of 

converted to natural gas simply by 
It is very 
of moving hydrogen in a 

in which the compressor stations , the 
and the number of parallel 

IV - 2 2



Evidently then, to take greatest advantage 

transmission cost of hydrogen, a new, specially designed 

required. , parts of an 

augmented by extra 

cost analysis of a 

gen, but staying with the basic as sumptions 
before. To 

are optimized, a long iterative 
back of compres sor design 

scope of the present 

We calculated the 
and methods 
suggested pipeline materials costs , and 

operating cost. 

and gas turbines for hydrogen service, and 

these from Ingersoll-Rand. We 
as a fuel for 
also carried out 
to determine 

The costs were , 30, 36, and 42 inches

and were carried , two, three, and four 

corresponding to a reduction , using a

figure of I. 

The results are 4 and are 

IV - 5 to IV - 8 for each of 
these results, we , or 

transmission costs, for pressures , based on a

fuel cost of $ 

pipeline to , we

linearly extrapolated our cost data for a cents per

million Btu per lOO mile" basis. These 

In comparing these , we

encountered difficulty in to- date figures. 
rent value for natural gas for a high-throughput line is 

Btu per lOO year-old transmission

cost data 10), and

IV - 2 3
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plotted these in Figure IV- 9, which serves 

mission cost with 
of 1972 natural gas transmission 

Because the data in 9 were not 
station spacing or pres sure ratio, we 
mission of hydrogen 

the lines shown, which at an average 

range between 5rJ and 4. 
of 2 to 3 times the cost of today s natural gas transmission 
considerable reduction in cost 

sures as high as 2000 psi can be 
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Pos sibility of Liquid-Hydrogen Transmis sion

Introduction

An alternative to , as discussed above

is transmission of cryogenic liquid form of hydrogen, with 

tion being considered an 
natural gas (LNG) , as a num-

ber of 
past (for example, Reference 

Pipelining the liquid phase 
number of 
tages of liquid 

Much smaller 
the amount of 
are needed.

Storage requirements near 
be considerably eased (particularly 
able underground storage capability).

The liquid form 
for example , transportation.

Disadvantages for cryogenic transmission 

capital and 
because of the 
On the other hand, much more 

These high capital 
thermal insulation 
peratures of 
are also likely 
end of. the line.

A possible , which 

an isothermal transmission approach, is "dense-phase transmission" in

which a progres 
this instance, as reviewed 

be required. Thus , only part of 

phase, the remainder 
sulated (or at least less 

Such an approach would apply, as 

IV - 3 



is available at the production point - or 

where it is 
form to transportability - and a gaseous product 

the terminal end 
will ever 
seen.

Especially , the major 

liquefaction is in 

energy requirements. 

significant hydrogen transmis sion system to 

compete with , three major

reasons for 

Cryogenic liquid desired end-use form
hydrogen, as for , liquefaction will be
necessary at some 
distribution.

The trade-off of liquid 
conventional gas alternatives could pos 
economically to dictate the 
especially if refrigeration 
the vaporization of 
form is 
The distinct possibility exists that energy-pipe " concept will be
pursued in which not 
mitted through a pipeline " ; in this case, the very low
tempel'ature of F normal 
will provide an " cryocooled" electrical 
and an opportunity for 
constructing and operating such a line.

With the se considerations in 

the possibility of liquid-hydrogen transmission in 
the present report.

Technological Status of Liquid 

Reference II reviews 

standpoint of the early to mid- l960' s. 
and successful use of liquid 
physics fields, and in some hydrogen- fueled aircraft and 
vehicle engines. Since the publication

IV - 3 3



of this reference, liquid 

greater degree in support , particularly the

lunar exploration effort.

an even

Apollo

In support of this space effort, several 20- 30 tons/day and one 60
tons / day line in this country.

Transportation of the cryogenic hydrogen 

by truck-trailers with capacities up to 16 , 000 gallons and by railroad
tank cars with , 000 gallons. 
has been limited to short , and somewhat

longer lines at 
hydrogen piping and associated storage 
Kennedy Space Center s Launch Complex Saturn 5

moon mission 
gallons of liquid 
consultation with , 000

gallons of liquid Saturn 5 vehicle for each

launch operation and about an additional 60, 000 gallons are lost 
in chilldown and 

age. No 

About lOO 

and provide 
stage rocket, and those 
storable or room- temperature liquid fuels; 
the launch vehicle use liquid 

Developments accompanying and paralleling 
tion of liquid 
which new applications for great number

of liquid-hydrogen components and systems are now 

at competitive , is any 

large-scale liquid-hydrogen pipeline , to date,

the space effort has , efficient 

The largest , namely 

inches in diameter and, although of conventional 

struction, are otherwise not 
ments in , use of 

or " superinsulation" techniques.

IV - 34



In summary, 
constructing a liquid-hydrogen pipeline system , largely because

of progress in , no 

devoted to truly large-scale and well- insulated liquid-hydrogen pipelines.

The most , and 

to considerations of l6-mile , is that done by 

& Chemicals , Inc., for The problem Air 

dressed here was fueled hypersonic

transports for a hydrogen

pipe lining is 

is applicable to truly long-distance energy pipe 

Considerations of storage vessels for liquid-hydrogen and other 
tem components 

, "

Hydrogen Storage.
particular 
overall problem of 
Liquefaction of hydrogen requires 
of natural gas , which 

of a liquid-hydrogen transmis sion system.

Figure IV - 11 is a schematic hydrogen transmis sion
system. 
electrolyzer) is noted, with 

through a cryogenic pumping 
liquid-hydrogen pumps of 
axial- flow types exists as a result of progress in liquid-hydrogen rocket
engine development. , 000 hp producing liquid-hydrogen
pres sures 

Underground pipeline construction is ll to be of

vacuum- jacketed, multilayer , radiative - 

leak. 
more 
Periodically, as pres 

hydrogen heats up sufficiently, 
be positioned along the pipeline just as 

quired in conventional natural gas 

along the pipeline of the 

IV -
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determined in an overall system , not yet attempted

for hydrogen. 
mile intervals.

At the terminal end , an aboveground

liquid-hydrogen storage , storage

of cryogenic hydrogen is discussed 

Where hydrogen gas is 
pipeline, refrigeration 
by the energy , which could

serve to 
energy that would otherwise be needed.

The electrical utility 
cryocooled transmission systems 
liquid nitrogen, hydrogen, and helium. 
one of two possible 
of these 
metals, for example, copper and aluminum, with a reduction in metal
operating temperatures. 
resistive test 
and Development organization. 

this case. 
atures and the 

usually those 
transmission system which emphasizes 

with a liquid-helium 

With the great pres 
ish its use of , particularly near 

areas, because , and

general "visual pollution" problems , cryogenic underground transmission
is expected to receive increasing 

Liquid hydrogen has excellent properties for 

being gros , but the 

have tended to shy away 
probably for fear of 
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required for the 

describes only liquid-nitrogen 
Thus Reference 

Cryogenic hydrogen can also ameliorate 

constraints as 
acting either as a low- temperature sink for 
systems , or for 

The upshot of 
ation of the " energy-pipe " concept, in which transmis 
and electrical , with a 

engineering and , the physical

gains of liquid-hydrogen transmission , with

the additional cost of refrigeration and 

shared with the electrical utilities. 

achieve, at , an distance underground trans-
mission net 

Though obviously intriguing, the "energy-pipe " concept 
its technical and 

electrical , not the least

of which is 

energy industries. Nevertheless , a further 

assessment, should be 
inputs from both the gas 
infeasibility / feasibility.

As a corollary to , consideration of a special 

liquid hydrogen subcooled liquid, usually
created in slush" solid/liquid 
point conditions. Liquid hydrogen 

36CR to about 25CR 

50% or higher 
field has 
capacity slush facility is 
Alabama.
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Compared with normal-boiling liquid hydrogen, slush hydrogen 
a number of important energy-
pipe" concept and also straight" liquid 
these are -

An increase in of about l5-20% over the boiling 
hydrogen is 

A very significant additional heat sink capability is gained in the
which will tend to 
the pipeline and/ or 
pipeline.

fluid,

With reference to energy-pipe " idea, slush hydrogen 
of directly superconducting at least one Type- 2 material, for example
niobium- tin; this 
helium system altogether, usually as 
comitant in superconductive systems.

Clearly, although the research 

feasibility of slush-hydrogen production, pumping, measurement 
ities , etc., 
will be 
slush-hydrogen system approach in this 

Recommendations relative to liquid-hydrogen transmis sion systems
will be provided 
report. The 

hydrogen storage for hydrogen
system potential.
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Appendix IV - A. Calculation Procedures for 
and Natural Gas 

Intr oduction

It is of interest to 

sion of , we 

equations concerning the flow 

We then calculated som~ ratios 
The results are 
lations are of 
optimization, they are recorded 

Problem Definition

We set 
modern natural , as 

and on natural , we 

transmission of hydrogen through a 

ratio, pipe diameter, and number 

We consider 
stations, one having a 
receiving gas from 
line section (defined as arithmetic avg

Data for natural gas are subscripted The

basic scheme A1.

Governing Equations

Basic Thermodynamic 
Local Pipeline Capacity

One of the important 
or operating volume flow 

wheT"

."........, 

f) r-r'

V = 
.L.L.1..LI..L'-..L (l)

= volume flow rate, CF /min
= mas s flow rate, lb/min

= compressibility factor
= gas constant, (ft- Ib) 

= absolute temperature at a , o

= absolute pressure at a given station, lb/ 
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P avg H
Z . T avg H

avg NG . T avg. NG

STATION I

"--0
STATION 2

mNG or m

72- 694

Figure IV -A1. 
IN THE TRANSMISSION 

A comparison 
a given pipeline at 

inlet 
2 in Figure IV - , the volume flow 

V 2H2 
V 2NG = mz~ (2 )

Heating Values of Transmitted Gases

To introduce the , the following

relationship is used:

mq (3)

where -

q = mas , Btu/lb

Q = volumetric , Btu/CF
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Particularly,

V 2H2 2NG
V 2NG = NG . Q2H2

(4)

To 
dynamic states, we 
rates cancel, and we 

2H2 qH2 
P 2H2

2NG qNG P 2NG

(z2R T2)

R T2 (S)

Pipeline Flow Capacity

The objective of 

heating values ( 2H2 
) or the 

2NG V 
tions, as given by Equation 
has to be 

Therefore, the flow capacity of a 

Assuming that the constant- temperature flow in all 
turbulent, the flow capacity of a 

T b 

b = (p)(I) 

O. 5 . 

b ~0 1 - J 0GT a vg 
( 6)

where pipe law -

5 = 4 log
k 7D (7)

is independent of 

and where -

= volumetric flow rate at 
SCF / day

= internal pipe diameter, inches

= line length, mile s

= gas gravity (air 
= effective or operating 
= standard 73 psia

600F),

600

avg = average 

LNote: arithmetic 
calculation, disregarding the 
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Referring to , the volume flow

rate is -

Vz = V 
(zz

)(~) = 

)(.!.)0 5 . 
Z - PZ

)0.
b Z Pz Pz f GT a vg 

(8)

Then, the ratio of the 

V 2Hz

- '

V 2NG - T.,

~. 

PI - ) O. 5 JGT a vg 2. PI - PzGT za vg 

( 9)

To calculate , the pressure 

must be let us further 

Pt + Pz - Pavg
2 P

Pz = 
a vg

7T + I
(I 0)

P2.
Pt = 

27T

7T + a vg

From there -

P z - Z = 4 7T 2. (11 )

Introducing Equation II avg

C a (7T 2. I)JO
2H2. avg (l2)
2NG C a (7T 2. l) J O

. 5 J

avg

This ratio would be 
impeller volumes 
and internal leakage , if there 

losses or inlet 
volume. Also, so far we have not 

to pump the 
to evaluate the actual , we 

overall volumetric 
ating differences displacement, or 
compressors and radial 
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Generally, the overall volumetric 
(17 f) will be defined 

v 17
V z 17 

(13)

where -

= theoretical 
cu ft

V z = , CF /min
or an , cu it
at compressor inlet 

or a 

Comparatively -

NG -

17 f 17 voNG2 " 
17 f 

avg
(1T l) JO.Gz avg (14)

a vg
1T 
z - I

J O. 5 JGz avg

We must now 
the fuel factor and the 
ated on hydrogen rather , in turn, each

type of compressor: For 
design for both gases; for 

mized in , for reasons 

later; and for rotary 
designs.

Fuel Factor and Overall Volumetric 
of Reciprocating Compressors

To make , one 

tion is 

fuel factor ratios: The hydrogen 
compressors are identical 

Obviously, this is 

imum allowable crank 
it is 
for hydrogen would have , especially 

the operating pressure levels differ 
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compressor. It 
ever, we are assuming 
the calculated ratios of 

importanc e.

Additional as 

Compressor Power Input 

The compressor input 
displacement compressor, using the handled gas as a fuel, is given by -

W = 4. 363 X 10- 3 . 

:ad :2 Z2
. (P2)(V2 + V2 )(7T 

where -

17 

'T/ 

'T/ 

(lS)

= compressor power input, bhp

'T/ 

- W
= adiabatic efficiency

= mechanical efficiency

= 4. 363 X lO- 3 . . (P2)(V2 + V2 )(7T l) =

adiabatic power input, bhp 
= 4. 363 X , bhp

= mean effective pres sure 
diagram, psig

= piston area, sq 

= piston stroke

= speed, rpm

= compressor inlet pressure, 

= actual 
CF / min

= fuel volumetric flow rate, CF /min
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= external pressure ratio 
in 

= specific heat ratio

Zl + za
2za = factor, which averages 

the compression; used only 
pressibility can be expected. 
including inlet conditions , V = zV" , so the rea 
changes the real volume 
age basis.

For , let us note

that the difference 

input is due to -

Flow resistances of valves, valve chambers, and piping with
accessories

Heating of the gas after 

Deviations of the polytropic curves of 
from the 
reheating, and mixing with leaking gas

~ass 
The fuel flow rate is 

Va zaR Ta
71 E (16)

where -

= mas s fuel flow rate, lb/min

= spe , C F 

= engine overall 

Defining the fuel factor as -

Va + Va

f = 
and combining , 16, and 17, we 

(17)

I - 1.286 X 10- Zl + za
2za

1'- 
(l8)

RTa(l7 
I' 

q 71 E 71 tad I' - I
71 f 
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Consequently, the compressor 

W = 4. 363 X 10- 3 . 
11 

Zl + Z2
2Z2 1'- 1

1'- I
Vz(7T - (19)

For 
absolute or relative , the power 

17 , for the 

certain constant values derived 

cases and , meas-

ured characteristics 
sure range. 
because it 
handled gas (in other words 11 fV z ~ 

input ratio is -

'Y 

(TJ tad z )NG tTJ p l.. . ~Jo. (11 1) Javg 11+1 (20)
NG - (TJ tad z

'Y 

tTJ P . ~Jo. (11 1) j NG
f a 

I... 11+1

Zl + Zzwhere it is = Z avg
with Equations 10 12, and 

For all bNG 1. Also, we can assume 
bHz

same average temperature of 
1'- 1

17 iT, f

7T 1 Jo. 5
(7T l) J

avg 1'- 1
L G 7T + (21)

NG - 1'- 1
1 Jo. 5

11 i 17 f L~ (11 - l)J
avg 1'- 1 7T +

To find the relative tad when no measured 
17 , assuming 

iable constant of the o. 95).mec
adiabatic efficiency cp-n be then calculated, neglecting the 

heating (and 

curves and compressed mass. 

important effect of 

The
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pumping different gases. 
performed ; the results are

presented in Figure IV -A2 and Al.

Table IV -AI. ADIABA 
COMPRESSORS AS CALCULATED 

TO THE 

Hydrogen
G = o. 
'Y = 1.4065

J:-'re s Kana ('IT)

1. 05 1. 1 1. 2 1. 4 1. 6

1) ad

794 884 932 961 972

Natural Gas 293 447 605 735 793

G = 
'Y = 1. 26

Data obtained from more , but

should ideally be used. 

Overall Volumetric 

The overall volumetric 
ratio of the 
pressor , at suction , would

occupy a volume 

Allowing for the flow resistances , heating of , and the

leakage losses, the basic volumetric 
relative clearance 
form:

T1 vo = 

)( p

.l..

€ (

-1)m

- (

Pz (22)

Data , but
should ideally be used. 
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Figure IV -A2. 
COMPRESSORS AS CALCULATED 
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where -

= relative clearance 
= exponent of polytropic compres 

= exponent of the polytropic 
volume)

= relative leakage , valves
and stuffing 

Roman numerals subscripts 
compression, and arabic 
flanges, as shown A3.

0..

;:'T

a::

(f)
(f)

a::
a..

0..

"'"

DISPLACEMENT

72- 695

Figure IV -A3. REAL 
A RECIPROCATING 

Without a significant error, we can 

n = m = 

Also

I! - I! PI! 
- P

I! + 
p = P

I! + I! - 1 (23)

and

I - PI + A P PI + eGPI
1 + Pz (24)

where is the flow resistance factor through valves 

it is a constant for 
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In addition, heating of 

to the capacity of 

walls). For dry 

the inlet , such an assumption has 

common practice. 6, 10 
gas temperature increase during 
isfactorily 

n - Ta 
2(Tw - 

(2S)

Rearranged

Ta - S /4

1/4 + I
(26)

where T , approximated 

practice by the inlet 

This relationship S0oF and appar-

ently for a range of 
influence the nature of 

This has been verified in Let us as 
state heat balance for the suction stroke, defined by a 

path leading to the final 

B ~ mA hA + (mB - m ) ha + Ow + W 
(27)

where -

= mas s of gas in a , lb/ stroke

= corresponding 

= heat transferred into 
and piston walls , Btu/ stroke

chamber

= suction throttling work transferred as 
Btu/ stroke

See also Figure IV -A3.
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This identity 
analytical or empirical 
same results. As 

can be used for , so the 

has to be considered 

Expression 27 can be rewritten in 

B - A C
(T A T2) + Qw + W (28)

Both sides of 
to the fresh charge of 
Tz to T B 
As suming that the 

What were the actual 
them, we can 

when handling a different gas.

The first term 
from , with the help of basic 

dynamic relations:

n - 
(--2.) n

I! P

n - 
I P

(29)

m - 
(--.!) m

T A

These, combined with , give 

~ I m - 
1 + eG

n ~ I m x: 

T A = 
l + 

(30)

The mass of 

A = z R
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where volume VA could be expressed 
clearance volume, V 

V - V

= €

(31)

Als 0

V A - P
(32)

Then

Rz A T A 1 ~ €
. V'lT

m (l (33)

Combining Equations , we 

(T (1 - SG \' 3 ;n; (1 , BG) - ~. nn ( I . BG no 
p A - ,

= '

. 7. 1 + E e Tn ~ (34)

The second term 

and, as such, depends on 

flowing into the cylinder. 

stroke is -

WS = 120N hA(TU - 
(35)

where -

h = film , Btu/hr- sq 

A = total heat transfer area, sq 

For Reynolds numbers Re 

h = 8 Pr
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w he r e 

cp~
= Reynolds numbe r

17 g

3600 c 
= Pradtl 

= velocity of the gas ft/ s

= specific weight of the gas , lb/ 

h = 

"., = 

, lb-s/sq

= gravitational acceleration, ft/ s

= thermal , Btu/hr- ft- o

Re =

Pr =

Assume further VN 1, 

4 VN 
c = 30 A and d

h = 
-- c~ -P::-

where

ff = free flow area, sq 

1, = free flow path, ft
Two other characteristic 
as follows:

h = lO sq ft/s
1,/d

h = lO

Taking V in , the heat transferred 

= NQ

= 2 X lO-5 . T kRe V(1 - ), Btu/minIT (36)

The third term of 

')1- 

')I
) 1.286 X lO . l44 P ')I - lJpts (37)

Using the previous relations 
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- I
pts ~ eG) VC(

1 ~ 

) Y 1 J, (38)

Now, we can hand side of Identity 
erence 
systems. We 

The compressor 
= 750 psia 1T 1. 3, Pa = 652. 2 psia, suction manifold er-

avg
ature of Ta = 60o , and average wall temperature or inlet 
perature of T F. 
volume of € O. 1 and (e) o. 09.

Thermodynamic and thermophysical 
conditions where they A2. 
Section D for nonreferenced properties.

For 
5/4 = 0. 986

n - 
I /4- 

- w + I

Identity 28 gives the following 

Ta) ~ m A p A + Q + W

Natural Gas

Hydrogen

l40. 4 V
42. 8 V

+ 28. 2 V

+ 23. 9 V
+ 472. 4 V

+ 46. 5 V

This example shows that only 
the natural gas 
the hydrogen 
ural gas compressor. In , the suction temperature 

gen compressors is 

of natural gas compressors, provided the clearance volume, size, clear-

ances, and the average wall temperature are 
the assumption of 
drogen compressor. Rather, it would 

term of 
second term does 

is independent of , Ta /T IT )

Equation 34 for 

In that case solving
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Table IV -A2. THERMODYNAMIC AND THERMOPHYSICAL
CONSTANTS USED FOR THE EV 

VOLUMETRIC EFFICIENCY OF 

Constant Unit

Btu/lb- O

(ft - Ib)/lb-

Btu/hr- ft- o

Ib-s/sq ft

avg

Calculated Values:

Ib/CF

Combined Values:

(y 

l)/y
l/y
./(1 + .)

1 + eG

1 - eG

_....__.~- - . , .

Natural Gas

O. 6410

~o. 60 (for 850/0 CH4 mixture) (Ref 

1.260 (Refs 4 and 

83.

~o. 0225 (for 940/0 CH4 mixture) (Ref 5)

4012 X 

O. 8685

885

742

887

454

174 X 106

1.590 X 10

2064

7937

O. 0909

1. 0577

O. 9423

IV - 5 7

Hydrogen

O. 0696

414

767 (Ref 12)

1030 (Ref 2)

1. 782 X 10-7 (Ref 2)

. 030

026

694

864

229

4 X 
031 X 10'

O. 2930

O. 7072

O. 0909

0063

O. 9937



140 V = (1 - eG) PaVt1T
m . (1 + eG)

- ~ 

1 + 9G JJ 
Z A R G T l - eG 

we get

= 0.
T II Hz

and correspondingly TII = 547.

Although this merely 
iod heating with , we assume 

example of heat flux distribution is , then-

)H2 ~ o. 
5 ~ 4

1/4 + 1

(40)

The reliability of this 

The last term in 
22) is the relative leakage los 

using empirical data and 

Adiabatic mas s flow rate through an 

CPIconstI 
or RTI

(41)

where

c = y ~ 1

) y 

2g 

y : 

(42)

The 

= constl ( 
CPI

) VI
or JzI R T

(43)

= constl RTI), CF/stroke (44)

To comply with the 
age loss factor is 
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, = consta
( ~r (45)

, = const3 R Td (46)

When handling gases with physical , large com-

pressors with relatively 2%.

Assuming :;::j O. Ol and C = 1. 26

PI = 

TI = Ta 7T
NG 

= 520 X a0646 = 548.

Zl 

Equation 46 yields 

const3 403 X 10_

For , this would also be , so

in the case of 

Ha = 2. 403 X IO- 5 (c zIRTI (47)

As an example, for the 

, = 2. 403 X 10- 5 X 2. l5 1. 03 X 034

Summarizing all 
now express 
properties of handled gas:

vo = f(l E)(
l + 

L7T(1 + eG) ) Kd 

..!.~+

4 T2

) - 

zlR Tl (48)

For computation, the exponents can be 

n = m = 

y, 

and the constants K are 

Natural Gas
G = 1. 25 4. 974 X lO-

5. l66 X lOMolecular Hydrogen 205
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As an example, let us calculate the overall volumetric 

a reciprocating 

Natural Gas: G = 0. 64l 1. 26, R = 83. 2 (ft- lb)/lb-

17 1. 3, P 50 psiaavg T2; = 520o , T 

€ = 

e = 

(7) NG = n. 1 + o. o~ x 
r.k - 0. 1(1. 3(1 + 0. 09 X FJ 

\~g

J - 4. 974 X 10 885 X 83. 2 X 548.
25(520) + 1

(17 vo
)NG = 

9010

Molecular Hydrogen: G = 1. 4l , R = 767(ft- lb)/lb-
all the other conditions 

(7) H2 = (1.1( 1 + 0. 9 X 0. 0696 - 0. 1(1.3(1 + 0. 09 X 0. 0696)Jr!-.rH 
5~g5

J- 5. 166 X 1.03 X 767 X 561.2
25(520) + 1

(17 vo H2 = 89%

From this 
the volumetric 
hydrogen compressor would 

than 
it will 

lower pres sure ratios
under these 

5. Fuel Factor and Overall Volumetric 
of Radial Turbocompressors

Since dynamic machines are 

operating and design conditions , they are predominantly "made to measure. "
Therefore, it 
case) that the 

could compress natural 
Here , another variable 
speed as dictated by 
the pres sure ratio.
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However, as the 
analysis to be of , the same 

be used for hydrogen and 

Compressor Power Input 

For turbocompressors 

process for 

ence change of state 
reciprocating compressors. 
will 

n - 

RTI 1 J
n - 

Tl pol = n - n - 

RTl I J')1- I
and

y- 

')1- I
RTI 

')I - Il
Tl ad = n - n -

RTI - I 

(49)

(50)

Here only subscripts l and 2 refer to 

pres sion.

Accepting the polytropic change as a reference , Equation 18

will 

n - (s1)Tl f =

I - ZI + Z2
2Z2 gTl E Tl t pol n ~ 

. z2RT2(7T

and the power input 

n - 

363 lO-
Tl tpol

ZI + Z2
2z2 n - . Tl V2(7T (S2)

where -

Tl 
tpol = 

Tl 
pol 

Tl mech

IV -



and

17 
1 + 2.;

The power input 

W = + I;a. (1 + I;a.
17 17 

(53)

where a. is 
the seal 

percentage of power los s, which 
the bearing , and 

piston horsepower los 
17 

To evaluate the polytropic efficiency ) and the 

loss factors (a. ), the empirical , such as presented

in Table IV -A3 and Figures IV -A4a- , could be used, provided the 

ternal 
Table IV -A3. 

INGERSOLL-RAND CENTRIFUGAL COMPRESSORS

Casing Size Capacity Max.

----

-- 1___

___---

Stages Rated
Speed

Rated (rpm)

(inches) (mm) (cfm) min. Speed *

--- -_._ -_.

610 5400 153 10,000
838 7500 I 212 10,000

1070 000! 339 7900
1320 23,000; 651 7000
1650 30,000' 850 5170
1950 42,000 1190 4650
2210 57,000 1610 3800

100 2540 75,000 2120 3320
112 . 2840 110,000 3120 3100
124 : 3150 140,000 3960 2865

140 124 i 3555 200,000 5660 2865

I 3150

*NOTE: For each side stream or re-entry 
for more than 10% of 
from maximum number of stages.

(Source: Ingersoll-Rand Company)
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60 80100

Inlet volume flow. thousand cfm

200

Figure IV -A4a. POLYTROPIC 
INLET RAND CENTRIFUGAL

COMPRESSORS (Source: Ingersoll-Rand Company)
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Figure IV -A4b. MAXIMUM ALLOWABLE SPEED 
INGERSOLL-RAND CENTRIFUGAL COMPRESSORS

(Source: Ingersoll-Rand Company)
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Overall Volumetric 

Having in mind that a 
specially designed 
to be mainly a , provided the re-

quired design 

are within the practical limits. 

by the leakage 

rotor size but they also, as a source 

decrease the compressor s suction 

the leakage losses should approach only about 

efficiency should be 
compressor (lower 
pendence of radial 
in Figure IV -A5.
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Figure IV -AS. APPROXIMA 
SIZE OF RADIAL 

An additional aspect has to 
machine such as a 

essary to accomplish 

properties of , the 

imum rotor tip 
Therefore, for every gas , there 
stage. For example, to achieve 

different gases 
with geometrically similar rotors , the ratio of the 

LR (17

LR (17

For , this will be -

1) J

(54)

3. 03 ~ 

IV -



If the speed , staging 

rently, 
at 1500 

Thus , radial 
hydrogen service. Data 

Practical 
are used for hydrogen than 

are used.

Power and .Overall Volumetric 
Rotary Compressors

Another type of compressor i. e., , should be

considered as a potential 
technical characteristics of these 

Without going into the details, we 

Compressor Power Input

The rotary compressor is a positive- displacement machine. Yet
its 
than that of reciprocating ones 
and its hydraulic losses account for 

namic machines. Power 
isentropic change; it is , pressure 

ference, the physical properties of 

Characteristic , but

were not 
an adiabatic efficiency ) about equal to 85%.

Overall Volumetric 

What has been said 
applies generally to screw compressors, too. However, the 
internal losses upon the 
Whether or not 
the pressure level 
the compre s 
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Thermodynamic and Thermophysical Properties
of Natural Gas 

The typical 
given in Table IV -A4. 2 (ft- lb)/lb- its
specific gravity (G) 64L its gros 
1054 Btuj CF at , and 

is 21 , 500 Btu/lb. 
obtained by interpolation from charts , pp. 34- , 34- 58.
They were 

volumetric heating value ratios for 

in Table IV -AS.

The ratios of 
of hydrogen and natural 
Figure IV -A6. , namely,

the specific heat ratio 

(y), 

specific heat at constant 

thermal 
references A2 of this 

The following basic properties of 
in this study:

Gas constant lb)/lb-

Specific gravity 

Gross mass 100 Btu/lb

Gross volumetric 
325 BtujCF.

The compre'ssibility factors , chart on page

34- 32 , are also presented in Table IV -AS.

The specific heat ratio 

(y) 

is given in Figure IV -A 7, where 
values of c 

obtained from the National Bureau of November
1955. 12 The extrapolation is A8. 
trapolated Cv points by 

(~;

p and 

(~~

v to 
equation -

IV - 6 9
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RANGE OF
NORMAL
OPERATING
CONDITIONS

en ~~ 0 
a:: 
C) Z

C\I

a:: I:
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- en...J w
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a::

500 1000 

AVERAGE PRESSURE . psia
A-32197

Figure IV -A6. RELATIVE ENERGY 
CAPABILITIES OF 

AS A FUNCTION OF 
A T WHICH 

c - - T 
0 v 0 P

P v (55)

was not 
values of 

(~~

v from v values

scattered all over the investigated range of c 
curves were 

Other properties, namely, thermal 
cosity, can be obtained 

Figures IV -A9 and IV -AI O.
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Sample Calculations

Calculation 

The method 
transmission cost 
relative to the 
section handling natural gas at given , this 

can minimize the cost of 
but it does not 
sections that 
Reference 9 for this 

To minimize the 
it is 
handling natural gas and thus to follow 

mization diagram All).

Selection of Reference Points for 

There is 
spacing and the optimal 

for natural gas and hydrogen. 
idealized transmission line that 
the load factor. Therefore, the 

compression section is 
series of repeated for different reference 

For our 
compression section:

Pressure ratio (1T 1. 3

Average pressure (P avg
Average temperature (T avg

The recommended14 pressure 

spacing chosen is 3 

for optimal 
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able IV

 - A
 7.

C
A

PA
C

IT
IE

S A
N

D
 D

E
SIG

N
 

P
I
P
E
 
D
I
A
M
E
T
E
R

,
 
i
n
.

net
10-9 B

tu/yr

1.0244
0054

-1.45
612.

13,184
104

417
240

1663
102

754
192

357
3E

),575
441

3056
189

301
315, 096

914
723

5010
310

086
468

982
173

1077
7463

461
519

814

5418
1.0286

1.0013
1.095

716.
1.46

356
121

622
56.

453
121

169
224

051
9981

103.
835

223
216

367
013

349
169.

1368
365

645
546

254
333

252
2034

544
220

5407
0300

1.414
069

760
45,

681
2500

1.0294
0006

1.042
734.

15,743
124,690

25.
208

124
482

229
704

4065
46.

385
229

319
376

272
7544

76.
633

375
639

560
035

228
113.

940
559

095
2518

1361
0296

1.0003
1.022

741.7
891

125
861

13.
114

125
747

231
860

2506
25.

213
231

647
379

805
4106

41.1
343

379
462

565
293

6111
61.5

514
564

779
1333

Povg =
 

, capacity factor =
 3.830

0359
0041

233
895.

200
073

115
174

174
102.

1022
114

152
427

347
549

36,737
306.

3068
344

481
517

278
678

456.
4571

512
707

---'--

212
164

187.
1880

210
284

851

3208
0390

1.0010
1.053

973.
850

67/
124

861
24.

268
124

59;3
230

007
5910

45.
494

229,513
376

776
9681

74.
811

375
965

560
780

409
111.0

1206
559

574
3148

1.0401
1.417

489
164

669
600

1444
1.0396

1.0004
1.023

988.
378

97~
126

648
11.0

121
126

527
233

299
2660

20.
223

233,076
382

171
4358

33.
364

381
807

568
808

6486
49.

542
568

266
1400

087
744

0399
1.0002

..1.012
994.

...0.193
127

336
127

274
234

567
1371

10.
III

234
456

384
248

2246
17.

188
384

060
571

900
3343

25.
279

571
621

715

ovg =
 1000 psia

, capacity factor =
 2.920

77::
5816

1.0589
1.0029

1.099
1429.

1.525
121,616

31.00
485

121
131

224
030

10,714
57.

897
223

133
366

977
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93.
1466
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200

26,
121

140.
2191

544
009

5648
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1496
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, capacity factor =
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C
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750 psia 100% of the 
1000 psia 100% of the 
1500 psia 105% of the diagram 
2000 psia 110% of the 

Except for assumption c, the same 

which are AI 7.

.c.

..........

Cf)

Cf)

100
a:::
::J

125
Cf)
0::(

(!)

10,000 20000 30,000 40 000 50,000
POWER AT 1000 F AND 14.4 psia , bhp

60,000
150

72-690

Figure IV -A17. COSTS OF 
PRIME MOVERS FOR 

(Source: Ingersoll-Rand Company)
The labor cost to install 
station s first 
As a , it 
pressor and , so s first cost and the labor

cost contribution to the transmission cost is 

2 X 
delivered heating value year

These values are A8.

2) Pipeline Material 

Typical onshore 
IV -A18; graphically smoothed A9. 
manufacturing company disclosed that a 
available for 42 inch diameter pipes that 
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Table IV -AS.

No. of
Parallel Line 

or Equivalent

or Equivalent

or Equivalent

or Equivalent

or Equivalent

or Equivalent

or Equivalent

or Equivalent

or Equivalent

or Equivalent

or Equivalent

or Equivalent

COMPRESSOR STATION'S FIRST 

Compressor Cost

, $

Turbine Cost

, $

Total

, $

13% of the investment + labor
delivered heating va1ue

Compressor Cost, $
Turbine Cost

, $

Total

, $

13% of the investment + labor
delivered heating va

Compressor Cost

, $

Turbine Cost

, $

Total

, $

13'10 of the investment + labor
delivered heating va1ue

Compressor Cost, $
Turbine Cost

, $

Total

, $

13% of the investment + labor
delivered heating va1ue

Compressor Cost

, $

Turbine Cost

, $

Total

, $

13'10 of the investment + labor
delivered heating va1ue/yr

$ /109 Btu/yr

$/109 Btu/yr

$/109 Btu/yr

$ /109 Btu/yr

, $ /l 

Compressor Cost

, $

Turbine Cost

, $

Total

, $

13% of the investment + labor
, $ /l delivered heating value /yr

Compressor Cost

, $

Turbine Cost

, $

Total

, $

13'10 of the investment + labor
delivered heating va1ue

Compressor Cost

, $

Turbine Cost

, $

Total

, $

13'10 of the investment + labor
delivered heating va1ue

Compressor Cost

, $

Turbine Cost

, $

T0ta1

, $

13% of the investment + labor
delivered heating value 

$ /109 Btu/hr

$ /l 09 Btu/yr

$ /l 09 Btu/yr

Compressor Cost

, $

Turbine Cost

, $

Total

, $

13% of the investment + labor
delivered heating value /yr 

Compressor Cost

, $

Turbine Cost

, $

Total

, $

13% of the investment + labor
delivered heating va1ue

Compressor Cost

, $

Turbine Cost

, $

Total

, $

13'10 of the investment + labor
delivered heating va1ue/yr

Compressor Cost

, $

Turbine Cost

, $

Total

, $

13% of the investment + labor
delivered heating value 

Compressor Cost

, $

Turbine Cost

, $

Total

, $

13% of the investment + labor
delivered heating va1ue

Compressor Cost

, $

Turbine Cost

, $

Total

, $

13% of the investment + labor
. delivered heating value 

Compressor Cost

, $

Turbine Cost

, $

Total

, $

13% of the investment + labor
delivered heating value 

$ /109 Btu/yr

. $ /l 09 

$/109 Btu/yr

$ /109 Btu/yr

$ /109 Btu/yr

, $ /109 Btu/yr
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580, 000
, 190, 000

770 000

225 , 000
528, 250

753, 250

1. 61

165 , 000
293 750

458, 750

145 , 000
187, 140

332 140

350 , 000
882 , 600
232 600

175 , 000
360 900
535 900

1. 08

135 , 000
195 , 000
330, 000

128, 000
113 , 500

241 500

215 250
558 , 300
773 , 550

1. 66

136 500
199, 000

335 500

126 000
700

223 700

120 750
, 800

174 550

173 , 800
383, 600

557 400

1. 16

134 200
129 200

263 400

126 500
, 600

1 93 , 100

121 000
400

156 400

;~ne Diamete in.

750 psia

760 , 000
, 045, 000

, 805, 000

275 , 000
778 520

053 520

1. 22

190 , 000
472, 000

662, 000

160 , 000
294 500

454 500

O. 51

430 000
301 000

731 000

200 000
561 500

761 500

157, 000
308, 600

465 600

136 000
188 500

324 500

241 500
814 , 300

, 055 , 800

1. 23

154 350
319, 700

474 050

132 300
163 , 700

296 000

O. 33

126 , 000
800

217 , 800

192 , 500
588, 900

781 400

143 , 000
209, 800

352 , 800

132 , 000
110 600

242 , 600

126 500
400

189, 900

015 000
, 170, 000
, 185 , 000

305 000
030 000

335 000

230 , 000
648 , 800
878 , 800

190 , 000
431 100

621 100

1000 psia

540 000
057 300

597 300

1. 96

230, 000
764 , 800

994 , 800

175 , 000
453 200

628, 200

155 , 000
274 , 000
429, 000

1500 psia

283 500
088, 100

371, 600

170 100
462 800

632 , 900

142, 8.00

239, 600
382 400

134 400
140 400
274 , 800

O. 19

2000 psia

203 , 500
808, 200

011 700

148 , 500
306, 600

455 100

137, 500
166 900

304 400

132, 000
400

225 400

O. 15

350, 000
460 000

, 810, 000

435 , 000
400 000

835 000

280 000
842 , 100

, 122, 100

220 000
574 400
794, 400

695 , 000
, 952 600

647 600

1. 85

280 000
979 800

259, 800

205 , 000
596 700

801 , 700

172, 000
371 100

543 , 100

330 750
488 900

, 819, 650

184 , 800
614 , 900
799, 700

157, 500
322 , 800

480 300

147 000
191 900
338, 900

O. 15

236, 500
008 800

245 300

159, 500
420 900
580 400

143 , 000
225 500

368 500

O. 17

137 000
130 100

267 100

O. 12
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Figure IV -A18. TYPICAL ONSHORE 
CONSTRUCTION COSTS

(Source: Natural Gas Pipeline 

2000-psia pressure level from materials with a yield , 000-
100, 000 psia. 

higher than the cost of 

3) Operating Costs

The operating costs less 
and less the 

investments) are AI 0 on the basis of Figure IV -A19.
The diagram is 
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Table IV-AIO. OPERATING 
FUEL AND 

No. of
Parallel Lines

Power In , h

Yearly Operating
Cost, $ /hp-
Relative ~erating
Cost, $ II 0 Btu

Power In , h

Yearly Operating
Cos t, $ /hp -

Relative Ooerating
Cos t, $ Jl 

Power In , h

Yearly Operating
Cost, $/hp-
Relative Operating
Cost, $ II 09 Btu

Power In
Yearly Ope 
Cos t, $ Ihp-

Relative Operating
Cos t, $ II 09 Btu

Power In
Yearly Operating
Cost, $/hp-
Relative Operating
Cost, $ A 09 Btu

Power In , h

Yearly Operating
Cost, $/hp-
Relative ~erating
Cost, $ Jl 

Power In , h

Yearly Operating
Cost, $/hp-
Relative Operating
Cost, $ 

Power In
Yearly Ope 
Cost, $/hp-
Relativ'O Ooerating
Cost, $ A 

Power In
Yearly Operating
Cost, $ Ihp-
Relative Ooerating
Cost, $ II 

Power In
Yearly Operating
Cost, $ Ihp-
Relative Operating
Cost, $ Jl 

Power In
Yearly Operating
Cost, $ Ihp-
Relative ~erating
Cost, $ A 

Power In
Yearly Operating
Cost, $/hp-
Relative ~erating
Cost, $/10 Btu

Power In
Yearly Operating
Cost, $/hp-
Relative Operating
Cost, $ /l 09 Btu

Power In
Yearly Operating
Cost, $/hp-
Relative Operating
Cost, $/109 Btu

Power In
Yearly Operating
Cost, $/hp-

Relative Operating
Cost, $/109 Btu

Power In , h

Yearly Operating
Cost, $/hp-
Relative Operating
Cost, $ fl 

19, 855

13.

418

18.

500

24.

335

1 2, 174

14.

208

22.

444

30.

744

496

630.

41. 3

316.

53.

456

36.

49.

196.

~65
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eline Diameter. in.30 
36, 575

11,

2..

14.

605

19.

24.

267

750psia
59, 914

10,

16, 349

13.

544

16.

20.

222

10ao psia

22, 427 36, 737

1. 36

660

24.

1. 25

358

20,

246

25.

1500 psia

10. 714 17, 550

14. 50

756

42.

13.

515

18.

902

27.

35.

2000 psia

6, 366 10, 428

17,

29.

38.

14.

643

24.

32.

42.

065

89, 174

1. 92

24, 333

12.

11, 282

14.

17.

192

54, 678

1. 15

14, 409

13.

486

17.

343

26, 121

12.

720

17.

832

23.

421. 5

30.

15, 520

13.

934

20.

.....h..z.g

28.

882

36.

055
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Figure IV-A19. COMPRESSOR 
(Costs Less Primary 

Fixed Costs as Percentage 

4) Transmission Cost of Fuel

The transmis sion cost of 
understood as an additional part 
subsection below) does not have 
fore, this increase intends to account for 
section has to take care of 

V 2 V 2

( V 2
1) . 

V 2

. ~ 

(3, 

y),

$/109 Btu (56)

and is All.

5) Cost of Fuel

The production 
either $ 

, $ 

, or $ 4 of the main
text of Section IV, we can see how 

of hydrogen plays in , especially for the lower

pres sure levels, mainly 750 

IV - 95
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Table IV -All. APPROXIMATION OF FUEL (Primary and
Auxiliary) TRANSMISSION COSTS

Pipe line Diameter. in.

No. z/V z, Cost Cost Cost Cost
Parallel Lines "/0 $ /1 09 Btu $ /1 09 Btu $/109 Btu $ /1 09 Btu

750 psia

1. 61 310 246 205 O. 171

098 073 057 045

O. 17 O. 063 048 O. 037 028

044 033 026 O. 019

1000 psia

O. 160 123 O. 100 081

060 046 O. 035 027

O. 10 042 031 024 019

O. 05 O. 027 021 O. 016 012

1500 psia

074 056 044 035

O. 10 O. 033 025 O. 019 015

O. 019 O. 015 O. 011 009

O. 02 O. 013 O. 0096 O. 0075 O. 0059

2000 psia

O. 041 032 O. 025 019

O. 056 018 014 O. 011 009

O. 025 O. 012 009 O. 007 006

O. 012 008 006 O. 005 004

IV - 9 6



Resulting Transmission 

The cost of 
of 65 miles is presented in Table IV -4 of the 
plotted in Figures IV - . 6 7, and 8 of 

uated as functions of , pipeline diameter, and number 
parallel lines of the 
resents the pres , from 

of view, changing the 

in the diameter 
economically 
costly than a 

Cost Optimization for a 

Figures IV- , 6 7, and 8 show 

ratios. , we 

gous to Figure IV - 10 (natural gas transmission 
the hydrogen curves correspond to a 

minimums in , Figure IV - 10.

The optimum 

IV -A20 can be used directly for comparisons, keeping in mind, of course
that it does 
the linear extrapolation of , i~

the following 

H2 (extrapolation)
Pipeline (100 miles) (65 miles) (100 miles)

Diameter in. ~ /l 06 

"-' 1. 14 2. 05 3. 15
"-' 1. 0 0 1. 16
"-'0. 1. 54 2. 37

For 
fuel cost of $ 3/million Btu.

From , we can 
tion because, especially at higher pres sures, the only major 
to the transmission cost is 

IV - 97
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Conclusions

It has , therefore, to calculate first principles

the estimated transmission 
lines , but without optimizing the 
these estimated hydrogen transmission s costs for nat-

ural gas transmission on equal terms, a first principles " deriva-

tion should be 
It 
later. Instead, we used 

obtain, Reference 7, and 
Because these data are significant increases in trans-
mission costs can be 
average figure in 1. 7~/million Btu per 
to be a reasonable consensus. , at a $ 

Btu fuel cost for hydrogen, hydrogen transmis 3 times
greater than those for natural gas at , but will be

significantly reduced if 
into the 2000-psia region.
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HYDROGEN STORAGE

Introduction

Storage is needed in an energy delivery system for 
reasons: 
for the virtually steady rate 
maintain a high- load factor in facilities, and 
rary interruptions 

accurate short- term forecasts of 

It is for the se 

all natural gas energy systems 
provided in a hydrogen-energy transmission system. 
of storage approache s to be selected 

requirements and constraints.

In this section we 
hydrogen in systems 

for natural gas. First, we 
in order to expose 

gas storage, so 

evaluated.

Gas Storage Needs

Categorie s normally considered in 
daily, and hourly. 
system storage problem, they are discussed below.

Seasonal Needs

Storage of gas is required 

energy for space 

The amount of the " seasonal swing" depends on 
and the relative dependence 

comparison with 
the mid-Michigan area reports a typical 
in the , compared 



This is a seasonal 

accommodated, in this case, by field underground
storage, in which the gas 
3500 foot depths during the nonheating periods of the 

Daily Needs

In most gas 
maximum demand, which 
the main source of , it 
economical to introduce supplementary suppl 
centers. 
provision of storage facilities for , for example, as

liquefied natural gas , or for propane, used mixed with 

substitute natural gas. 

Hourly Needs

Depending on such factors 

system, an hourly variation in 
by a plot of hourly sendout across 
tive percentage 
(total for the 
factured gas) was utilized, diurnal storage was 
large low-pressure gas pressure
natural gas and the resulting , much 

capacity was needed. pressure gas holders

this storage capacity can be 

by other 

Security Needs

Storage capability is 

in cases of 
system, such as a break in , by , the " cost of

insecurity" must be 
time and would , cost of reconnection, and deeper

ramifications to the 

that a system has to handle its seasonal , daily, and hourly storage needs, will

contribute therefore to ensuring a minimum of 
a nonscheduled basis.



Methods of Gas 

A number of 
just discussed are 

methods will , and on

its intertie to gas 
gives a brief description of the leading storage 

which by and large will 

Depleted Gas and Oil Fields

In the United States during the past 2- 1/2 decades, the development

of underground storage of natural 
by far and away 

1970 there were 325 gas 
under the jurisdiction of 3 (57% of these)

provided a total 
trillion ) Btu l. A 
of 18. 4 billion 4 trillion
Btu).

Original 
or oil reservoirs - 

hydrocarbon fluids under pressure. S., Figure V- I reflects

the geologic constraints that 
underground storage. , usually associated

with sedimentary formations, are necessary 

aquifers (to , certain areas of 

geologically favorable, and others are not, as shown by 

hatched areas on the map. , New 

geologically of igneous formations with 
therefore, underground 
Other areas such as Pennsylvania, Michigan, and Ohio are well 

with depleted field pos , although not 

with productive gas fields for hydrocarbons, have the pos 

aquifer development 
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Figure V- I. U. S. 
AREAS AMENABLE 

UNDERGROUND STORAGE OF 

A singular 
of "overpressuring ll over that originally 

increase storage 2 relates typical discovery 

to reservoir 
the limit of the 1 psi/ft line on the figure is 

and overburden, thus opening fractures and 
integrity for holding gas. 
is typically a 
pressure which can be used 

which can be stored 
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The gas stored in a 
cushion gas. The latter is 

acceptable withdrawal rates, but necessary by initial invest-
ment" to 
cushion gas varies rather widely , but

is typically in a 

Aquifer Storage

The development of the overpressuring 
capacity of depleted fields and a better 

water in 
storage approach. 
structures that have 
gas or oil is 
native water in 
ume for 
the sedimentary rock structure, a certain "threshold pres sure" must be
reached by 

movement of the gas-water interface 
of the filling season, the gas pressure 
pressure and 

winter season rld' '':the

interface will gradually return. " is created, it
must not be lost while the aquifer is in service, 

imal amount of gas (the 

The essentials for 
that matter, are these:

or any underground 

A stratum bearing porous rock, usually sand or sandstone
at a depth of, say, 500 

An impervious caprock of 
20 to 200 ft or more.

(This may 

A suitable , for example. an anticline, which

varies in 
forms a dome-shaped 



The porosity of 
a reasonable void space in an aggregate sense to 

acceptable storage volume. 
provide an adequate rate of inlet 
injection (withdrawal). 
be reasonably impermeable if it is to 
can be tolerated. 

An important point to 
structure is the sealing" the top of the under-
ground reservoir, 

occurs because of water , in which water 

the voids of 
high pressure to 

of the caprock). , the caprock 

as an effective barrier 
thre shold pre s sure and independent
of the nature of because it is 

This is an important observation 

underground storage will 
against leakage is concerned. , the experience to 

with natural gas in 

reservoirs ) is directly applicable to 

inasmuch as 

Mined Caverns and Salt 
Where previously mined cavities are ...:ce or 

made, gastight, an opportunity 
storage structures for gas storage 

use of salt caverns , particularly in naturally occurring 
which make the best 
the storage of 
over 15 years. 

Unlike depleted field and aquifer storage systems, which 
porous rock formation, , void

spaces to be , a more complex structural
analysis is required to , if the pres-

sure in the cavity is allowed to drop 



a collapsing stress 

structural integrity of the storage 
to replace the gas in water so 
pressure is 

M. et al. 13 report the case of gas 

in Marysville, Michigan, which had been 

company and was, in 1960, developed 
Southeastern Michigan Gas 
questions concerning is 
it , such as 

through continuous leaching of the 

In regions of impervious i. e., impossible
zones on the mined caverns may provide a 
of underground gas storage 

High-Pressure Holders

Storage of gas at 

psia) 
for this , the most 

the ability to concentrate 
have the gas , which 

out compressor. In , high-pressure 
much pressure gas 
ability and the visual pollution. 

The principal drawback of high-pressure holding systems lies in 
cost. There are 

the effect of repeated cycling of vessel pressure levels , particularly for

hydrogen service.

Linepack

If the throughput of a 
of which it is capable, the average pressure 

gas will be stored as a 

as linepack. The 

function of system , pres sure ratings , provision of

additional compressors, and 



a given system. 
of linepack storage or its 

age measures. 
linepack capacity in a given system.

Liquefied Gas 

The LNG Information , prepared by 

points out the rather long history of 

gas (LNG), 

past several years. LNG, a cold or cryogenic 

gas at -2600 , provides a very compact 

pressure of , lowering the temperature 

conditions to -2600 results in a 

the " compacting" factor. For hydrogen 

LNG contributes to overall 
areas: peaks having, where , and

base- load supply, particularly that supplied by ship 

Storage of insulated above- 
belowground tanks, typically of the " flat-bottom" configuration, are used.

Both areas of 
ment. load applications , plant 

and the receiving terminal, plus a 

ship fitted out with 
must all 
system.

Some consideration has 
There is 
a single receiving terminal), in which 
vaporization of the local sendout gas 
eration of the liquid Dense
phase ll transmission has 10 in which the 

warm up , with a net 

economics. Liquid-hydrogen transmission is considered 
in Section IV.



Unconventional Gas Storage

Tek et al.13 list "new concepts " in storage of , which might

also apply to hydrogen. 
created by nuclear 
balanced containers in 
for natural gas, these and 

cable to hydrogen, 
4 times 

Hydrogen unconventional storage is 

Section V, H.

An unconventional storage 
the preparation of metal hydrides in 
is about that of the , but the storage weight 

higher. The , which poses

certain 

General Comparison of Hydrogen 

To those in low- Btu gas.

In contrast, in those 

devices operating as prime movers, such as 
the gravimetric or mass , as opposed

to the volumetric heating high-energy

fuel. 
principal rocket fuel for 

Nevertheless, as shown 
characteristics of 
in Table V- , hydrogen s heating value of 325 

the 1013 Btu/SCF , the large frac-

tion of 
it to have , along with the presence 

and nitrogen.

Hydrogen s low volumetric heating value tends to worsen compared
to that of natural gas as the pres 
compressibility factors for the two gases I) with in-

creasing pressure. 2 presents several useful 
between the two fuels, as both cryogenic 

pressures. 
V -



Table V- I. SOME DENSITY, HEATING VALUE
AND COMPRESSIBILITY FACTOR 

BETWEEN NATURAL 

Gas Density at 700F and 
lb/CF

Natural Gas
(a s Hydrogen

O. 041 6 O. 0052

O. 555 O. 0695

26.

425 O. 071

Gas Specific Gravity

Liquid Density (Normal Boiling),
Ib/CF

Liquid Specific Gravity 
Boiling)

Heating Value (Liquid), Btu/lb

Higher (HHV)

Lower (LHV)
, 880

520
, 030
, 570

Heating Value 

Higher (HHV)

Lower (LHV)
013

912

325

275

Compressibility Factor at -

1 atm
500 psia
1000 psia

1. 00

935

O. 873

1. 00

020

1. 065



Table V -2. SOME USEFUL 
NA TURAL 

Btu/Liquid 

Heating Value of Density of 
Heating Value of Methane 

, 030 Btu/lb 42 1b/CF = 0. 426
880 Btu/lb 26. 49 1b/CF

Thus, a given volume of 
40- 45% of the 

Btu/Gas Volume (at 700

Heatin Value of H dro X Differential Compressibility Factor CH4 /H2
Heating Value of Methane

325 Btu/SCFAt 1013 Btu/SCF, CH4 1. 00 = 0.

At 1000 psia, 0. 32 X ~: ~r~
= 0. 262 (Compressibility factors from

Reference 

At 2400 psia O. 32 O. 654* 208

Thus, a given volume 
and 20. 810 of the heating value of 
(as methane) at , 1000 psia, and 2400 

Factor at 2400 psia is a linear extrapolation of that at 1000 psia.

about 32% that of natural , the fraction

falls to about at about 2400

psi - the pressure range 

mercial delivery and 
creases the storage volume required 

for hydrogen at elevated pressure

as in underground storage, in any comparison with 

Further s low volumetric 

show up in transmission system requirements as 

in Section IV. for too, such as 

fect of hydrogen s low molecular weight on For

centrifugal compressors, for instance, rotors with very high 

will be neces sary to pressure ratios currently 
oped by natural gas 



contributes to hydrogen s reputation for being a "leaky gas " a reputation

it shares with helium 

ability of , which 

Section V, E).

Table V - 2 also compares , as a cryogenic 

liquefied natural gas or 
of LNG, liquid 
described gaseous comparison. However, hydrogen has a normal 
point of 36CR (-4230F), which 

LNG of 2000R (-2580F). deeper
cryogenic liquid than natural gas, a fact 
vessels considered for it and the 
ment needed to 

As will be hydrogen storage section , G)

roughly 4 times per unit weight is required in

liquefying hydrogen gas from for nat-
ural gas.

On the plus for hydrogen, since 
through electrolysis or Hydrogen
Production, II Section III), pure
substance and thus "cleaner" than natural gas as 
This suggests 
needed for natural gas , although dehydration and odorant 

still be 
Another comparison area of interest Thomson in-

version point for hydrogen, which 
is the temperature 

a throttling orifice leads to heating of the gas rather than 
experienced in natural 

this expansion cooling 

freezing of earth 
may cause frost 
These effects will 



On the other hand, hydrogen s low Joule-Thomson inversion temper-
ature precludes use of any expansion- 

equipment. Rather, direct heat- transfer based 
employed down to the 3200F).

Below that, the hydrogen can be 
Joule- Thomson valve. 

In summary, 32% of the volumetric
heating value of natural gas , depending on the 

comparison is more 

In a cryogenic , liquid 

the heating value per unit volume, compared 

Thus, hydrogen 
than those for natural gas on an equal 
for gaseous storage systems, relatively 

for hydrogen as 

storage volumes approaching about 2- 1/2 times those for 
necessary for s of liquid hydrogen.

Underground Storage of Hydrogen

Storage of hydrogen in 

appears to be technically 
the reservoir, which , 4-

times the volume, and possibly , will be

required for 

gas. 
two gases as discussed 1. )

Concern about hydrogen s greater " leakiness " than methane 
a molecular 

storage at a correspondingly higher rate can be allayed The basic phen-

omenon of caprock penetration by the 
dependent on the capillary 

the same caprock threshold pressure , pressure 

which the gas will 

exists for , the overpres-

suring techniques for round res-
ervoir practiced with natural gas storage 



convincing demonstration of this 
helium storage. The 

is engaged in a helium , using a depleted 

gas field for !2 
, Texas

used for crude helium (50% helium and , with small amounts

of methane and hydrogen) injection 
satisfactory results.

Crude helium is transmitted 
pipeline operating at pressures 
Kansas to the storage field, from which 
removed. industry groups operating under contracts for
helium conservation helium activity" helium 
together by the 

1964, a 

the field since its discovery in 1924. , the rate of helium

injection was greater 
sures began increasing, but 
discovery pressure of 817 psi, even more 

to provide " room" for the conservation helium.

Gradually, wells adjacent to 
invaded" by helium, with the result producing wells are then

relocated toward 
gram is 
considerations of 

If hydrogen is to 

gas field for storage, a technique for 

gas to hydrogen extraction from 
if a " step- function" change from 
separation facilities will 
the gas mixture.

One of the three , the one at Beynes

near Paris, was used 
storage volume of 
CF of Plans to progressively convert 
voir to natural gas by " sweeping ll the field of 

V -



content) have been published. Since such a conversion is 

latable to a future 

at Beynes should, therefore, 

On the other 
itiated, there transition problems " met in
converting an existing , any

problems met in 
in the end, be 

Hydrogen will pose some need for 
tions and/or , filtration units, dehydra-

tion facilities, and other gas- treating operating equipment. 
affect overall investment , ultimate decision-making

regarding the choice of the specific 

Although- the 

than methane does not affect the , many 

in a storage may pose hydrogen 

potentially more serious 
gas. Among 

as valves, meters, and observation instrumentation. 

istics of 

tightness of the storage field 
monitored and possibly upgraded upon conversion over to hydrogen

storage.

A preliminary 
existing storage facility , probably with the aid 

analog computer for field sweeping.

At a , fie1d- testing 

ibility and 
be foreseen at 

Once again, the prospect for 

gas or oil 

V -



Linepack and High-Pressure Holder 

Linepack storage plays a role 

various transmis sion systems, according to 
of the individual system. For example, from 
Gas Pipeline , we 

a very secondary 

to underground storage facilities , which are rated for that 
about 1400 million 
many distribution systems , linepacking plays an important role 
viding hourly storage needs.

If the 
and numbers in , comparable 

gas systems , linepack storage a smaller, minor 
with hydrogen because of its 
natural gas. , if and/ or numbers
of pipes in the transmission for com-
pressor economy or , linepack storage could gain 

as a storage measure.

High-pres sure holders for 
attractive for hydrogen storage 
only are the economics 

at higher storage pressures 
effects 

hydrogen environment 
omenon might be aggravated, if present, 
sure vessels involved as they are 

This hydrogen-embrittlement problem is 

Also, the previously discussed compressibility
between hydrogen and natural gas 
hydrogen that for
requirement.

factor divergence

pre s sure storage of
a given energy 

Liquid-Hydrogen Storage

Generally, liquid 
can be viewed as for
storage considerations. LNG' s use in peakshaving 



to liquid hydrogen s role in a 

load use of LNG, 
product from , typically by ocean- going

tanker, relates to the 
Were there to remote siting of the 
point involving the nonpipeline transportation of market, II

the conver sion of 

possibly be pursued. 
costs involved in 

Figure V - 3 attempts to relate 
convert natural gas and , a

temperature-enthalpy diagram referenced to 
both cases, shows 

the extraction of about 4 times s per pound through 

tion than to convert natural gas. 
conversion of the 75% ortho) to the

para-molecular form to 
for in the diagram. 3. )

Not only is 4 times 

hydrogen as liquid, but 
much lower temperatures , resulting in 
ciencies. References 7 and 

siderable detail.

For an , and assuming some

technological state of the art, II Reference

7 states that 
and convert the hydrogen 

eration cycle, Reference 

present- day" value of about 

From , we can 

1b LNG for the 
4 or 2510 1es s 

kWhr/lb), but is based on present 
improvements in 
would widen the process energy gap 

V -
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On a kWhr /Btu , since the 

values is 2. 56 in favor of hydrogen, the factor of 4 advantage of 

on a per-pound basis is reduced , hydrogen 

tion energy requirem.ents are about 

match in , the applicable proces s energy

ratio 

Hydrogen liquefaction plant capital 
was compared with that for 
day as fue1-energy-va1ue , the hydrogen equipment 

$ 1. 05 and the , which 

3. 8 in favor 

Storage of liquid 
jacketed containers up to 900, 000 gallons 
containers are 

Complex 39 (Apollo) facility. 4 is a photograph of one of 

units, and Figure V - 5 is a sketch of a hydrogen tank

of the type used at 
is dictated by the structural design 

jacketed insulation system. 
tank of about 0510. Materials hydrogen temper-

atures, such as , typically) or 

must be used in 

Spherical tank designs of this 
practical sizes in the vicinity 
capacity of the 

fortunately, such tank designs cost considerably 

flat-bottom" tanks used for 

jacketed insulation, but rather use a dry gas -purged perlite (powdered
insulation) in the jacket. 

as projected for hydrogen. 000-

bbl) capacity have 
of the largest 4).

Ol 
.(:JIG J9"I.8G8.(: JIAqI.08GJJ 

.q')'

PPJ) c9"b9"C!+.A JI9"AG pGGU COU8.(:I.lIqGq bI.Olqq:ru8 OAGI. 
S2 HllJG8 .(:JIG C9"b9"CHA

9"8 bI.01GqGq lOI. 9"pOlI.(: S2 llJ:rJJ:rOU 89"JJoU (eoo~ 000-
:rU81IJ9"HOU) :rU 

19"C~G.(:Gq :rU81IJ9"HOJJ plI.(: I.9".(:JIGI. 1I8G 9" qI.A Ii blII.IiGq bGI.H.(:G 

I I U9".(:- P OHOllJ l I 
lOI..(:11JJ9".(:GJA~ 81ICJI .(:9"~ qG8:rIiJJ8 

.(:JIG llJlICJI 
C9"b9"C!+.A Ol 

.(:JIG KGJJJJGqA 8b9"CG 

bI.9"CHC9"J 8:r~G8 
.(:JIG A:rc:rJJ:r+.A I.olIIiJIJA 3 .(:JIG

8bJIGI.:rc9"J .(:9"~ qG8:rIiJJ8 ol pG HllJHGq 

llJ1I8.(: pG 1I8Gq 
.(:JIG :rJJJJGI. HJJGI.'

9".(:11I.G8 81ICJI 9"8 +.Ab:rC9"JJA) OI. 9"JlIllJ:rJJlIllJ 9"JJOA8
.(:9"JJ~ ol 9"pOlI.(: O' 02~o. JIAqI.oIiGJJ .(:GllJbGI.-

19"c~G.(:Gq .(:JIG

:r8 q:rQ9".(:Gq .(:JIG 8.(:I.lIC.(:11I.9"I qG8:rIiJJ 
.(:JIG A9"ClIlIllJ-

ol 
.(:JIG +.AbG 1I8Gq .(:JIG 8b9"cG .LJIG 8bJIGI.:rC9"I 8JI9"bG

lIJJH8~ 9"JJq :s:rlilII.G A - :r8 9" 8~G.(:CJI ol JIAqI.oIiGJJ 

COllJbIGX 3d (yboJJo) 'if :r8 9" bJIo.(:oliI.9"bJI 

COJJ.(:9":rJJGI.8 9"I.G 
.(:JIG Ji1Y8Y KGJJJJGqA 8b9"cG 

19"C~G.(:Gq lIb .(:0 dOO~ 000 B.(:lI)' .LM.O 

8.(:0I.9"IiG ol JI9"8 
pGGJJ C9"I.I.:rGq 01I.(: :rJJ 8bJIGI.:rC9"I A9"ClIlIllJ-

3. 8 .(:JIG rJi1C 
~ J" 02 .(:JIG JJ9".(:11I.9"I 1i9"8 M.JI:rcJI :r8 9"pOlI.(:

q9"A 
.(:JIG JIAqI.oIiGJJ 

M.9"8 COllJb9"I.Gq M.HJI 
.(:JI9".(: lOI. rJi1C 

HAqI.oIiGJJ HdlIGl9"CHOJJ 

I.9"HO pG 
llJ9".(:CJI :rJJ .(:GCJIJJOIoIiA 9"881IllJbHOJJ8 

.(:JIG 9"bbnC9"PIG bI.OCG88 

HOJJ 9"pOlI.(: 20~ .(:JIG llJ:r8-

OJJ 9" bGI.-bOlIJJq 9"pOlI.(: 
J" 2' .LJI1I8 JIAqI.oIiGJJ ndlIGl9"C-

A9"IlIG 8 :r8 S' 2 e .(:JIG 19"qOI. ol 

OJJ \B.(:11 (HHA) p9"8:r8 8:rJJCG .(:JIG I.9"HO ol 



Figure V -4. LIQUID-HYDROGEN TANK



Inner Shell (stainles s steel or
aluminum)

3 ft
(typical) Structural Supports
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Foundation

. J :. J

Pilings (if necessary) 
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62- 591

Figure V CONVENTIONAL LIQUID-HYDROGEN
STORAGE CONTAffiER



Figure 6. PROJECTED FLAT-BOTTOM STORAGE
TANK FOR LIQUID-HYDROGEN STORAGE
(Source: Chicago Bridge 

Achieving a low boil-off liqu~d- hydrogen tank without dependence on

a vacuum-jacketed 

liquid-hydrogen storage 
tical with the present 
phere that can be 
contacts liquid 
would be liquefied against the liner, setting up a "heat-pipe " system
which would provide a tremendous heat 

circulated and thereby not lost, helium would tend 
Hydrogen is a 

are higher , which tends 

insulation efficiency.

V -



Thus considerable ingenuity 
large and efficiently hydrogen service. Also

apparently unexplored so far 

allowing the hydrogen boil-off 
can be profitably 
has been faced so far by space- type applications.

Unconventional Storage of 

Reference 13 is a 

gas by certain 
field, aquifer, and mined-cavity 

techniques studied appear 
but this requires further 

For hydrogen 

may be 
report, hydrogen , and sometimes more

difficult technically to store , than natural gas. 
will therefore have a 
tional 

One approach treated by 
in hydrostatically balanced, 
another. 7 illustrates this 

a flexib1e-membrane-type vessel. 

direct water- gas interface in case 
los s in solution, hydriding reaction, etc.

). 

. forces 
to 
sented for natural gas and heavier gases , but not for 

gravity of approximately 

Considerations of artificial 
explosives may or may 
pivot on the 

capillary action established the seal as in aquifers , hydrogen would tend

to behave like natural , if dry 

dry seal material were to be 
even though the situation 
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Storage of hydrogen in metal hydrides is an 

studied by 8 and others
, typically for

small-scale 
metals as magnesium-nickel and 

that heating the formed hydride will liberate 
rate. When charged, " it gives 

sociation in returning to the hydride 
mentioned, the heat of dissociation , about 14 , 000- 16, 000

Btu/1b of hydrogen. s higher heating value

and suggests that a 

heat) and the metal bed must 

Hoffman et al. 8 of 

ing storage 

of gasoline for a 

Storage System 
Weight (Carrier

+ Fuel), 1b
Contained

Volume, cu 

Gas at 
Cryogenic Liquid
Magne sium Hydride

(40% voids)

2250
353

692

10.

10. 8

Thus, the hydride storage 
storage as does cryogenic liquid storage, at an 

Brookhaven is researching 

of vanadium and certain ternary 
14 of The

Netherlands has reported that lanthanum, a rare earth, in combination with

nickel provides outstanding 

is required to determine 

scale systems.

In a sense a 

ammonia as the "hydride of nitrogen" can serve as a " carrier " for hy-
drogen. Ammonia , as a fertilizer
for instance. After 
stituents, thus freeing 
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Cost Comparisons for Hydrogen and 

Because of the , hydrogen

storage will cost more than natural gas storage 
that storage 

storage. In addition, and 

age, there m.ay be 
volume - difference controlled costs.

Table V 

and hydrogen storage costs as derived from a 

Both gaseous and liquid , with other- than-
tank costs listed in 
liquefaction aspe 

With the background of the previous parts , a 

of general conclusions can 
Some of these are brought out 

Underground storage of 
in aquifers , as for natural gas, by far 

costly 
to be very considerably 

cost alternative (dissolved- 

more 
heating value difference taken at 

for hydrogen - unique equipment 

the cost of field conversion to sweeping, " etc. ) have not been

taken into account in this 

High-pressure gas 
expensive for both hydrogen , except possibly 

ground or liquid storage is , a considerable range of

costs were noted in 
not included in the cost 

for it is 

of a given system. In general, linepack is 
(seasonal) storage 

line volume is provided.



Table V-3. SOME COMPARISONS OF STORAGE
COSTS FOR NATURAL 

(Estimated Capital Costs for 
1 Million Btu 

Natural Gas Hydrogen

Gaseous Storage

Underground Storage (Depleted field
aquifer) (1000 psi)

$ 0. $ 3.

Dissolved-Salt Cavern (1000 psi)

Mined Cavern 

$ 2. 25

$4.

$ 8. 65"

$17.

Steel Pipe (Local or as Auxiliary
Transmission System) (1000 psi)

High- Pressure Bottle 

$48. $185.

Aboveground Pressure Vessel 
(1000 psi)

$ 1 5 03

$ 227

$ 720

$ 870

Liquid Cryogenic Storage

Flat-Bottom Tank With Perlite
Insulation, Purged

$ 2. 504 No designs

Spherical Tank With Perlite Insulation
Purged

$17 (0. 20'10 /day
boil- off 10ss)5

Boil-off considered
too high

Liquefaction Energy

$22 (O. Ol'1o/day
boil- off los S)5

$ 0. 275/1000 Btu- day'

1. 1 kWhr /lb 8

$42 (0. 05'1o/day
boil-off 10ss)5

Spherical Tank With Vacuum-Perlite
Insulation

Liquefaction Plant $1. 05/1 000 Btu- day 6

5 kWhr/lb6
0 kWhr/lb (with

present systems)3

Hydrogen costs based on natural gas costs multiplied 
rates (Btu/CF) at 84 for 1000 psi and 4. 76 for 2400 psi.

Source s:

Based on depreciated storage plant investment of all 
Commission in: Bureau Underground Storage of Natural Gas by 
Pipeline Companies for A. , B. Winter 1970- 1971. Washington, D. C. :
U. S. Federal Power Commission, December 

Based on mid-range data in: Katz, D. L. et ai. Handbook of Natural Gas Engineering.
New York: McGraw-Hill, 1959.

Estimate by J. E. Johnson, Linde , May 

Based on 
133. New York (Arlington, Va. ), 1968.

American Gas Association, LNG 

Estimate by the Chicago Bridge & Iron Company, 

Hallett, N. C., "Cost and System Analysis of Liquid Hydrogen Production " Air Products &

Chemicals, Inc., NASA Contractor Report CR 73 226. Washington, D. C. : National Aeronautics

and Space Administration, June 1968.

Based on 40 million SCF , from same , p. 131.
7265-!

Same source as 4, p. 



Not included in the 3 are three unconventional

storage approaches: underwater, nuclear-energy developed underground

cavities, and metal hydride 
of these undeveloped techniques would be 

studies were performed.
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VI. HYDROGEN DISTRIBUTION

Introduction

We have been considering the use of 
chemical raw material much in the same 
To this end, we , reliable

and inconspicuous way. 
sent natural gas distribution technique 

are briefly referred to here , but are 

Types of Customer

Hydrogen must be delivered to a 
include the large-scale industrial user, which requires 
for chemical feedstocks as well as for process heat or for use 

ing gas in metallurgical processes; 
user, which will use 
customer, who will use 
cooking. Service will also 
large substations. For , extreme purity 

of hydrogen are not critical, as long as the 

significantly altered. , and those 

reduction or for inert atmospheres, however may be very concerned with
even the quite low impurity levels resulting 

odorants.

Present Status of Low-Pressure Hydrogen Distribution

Hydrogen is widely used in many different 
of purposes. , a plant is set up to

generate hydrogen onsite. , usually at high pressure, to the

required location within , however, do not
require a sufficient quantity 
to them either as trailers, or as a
liquid in vacuum- insulated tanks. , often at

fairly low pre ssures, to the 
the nearest operational analogy to 
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pure hydrogen. It is an 
practice and safety codes have 

distribution pipes ' premise s or pas 
public right-of-way, but this 
tion of local a uthoritie 

The other most similar analogy 

is the large , 'Which

contains up to 5010 of hydrogen by volume. 
almost universal in the 
both transmission and distribution, used for "manufactured gas" has
fallen from 72 , 000 miles in 
a similar changeover , but far 

in distributing gas 
Japanese and Hawaiian gas industries have 
such gases. As we have discussed , the 

properties and the 

are more similar to 
gas. In general, the 

gas distribution systems will be 

System Design

In this study 

design of distribution systems because of 
materials and techniques already in 

wide range of individual requirements for 
Rather, we have looked 
modern materials , and have 

safety and maintenance differences that would 
handled.

The capacity of an existing system will be almost the same for hydro-
gen as it is for natural gas, on a delivered- Btu basis. The higher 
value (gross value) for , only 0. 31 times the

value for a typical (1050-Btu) natural gas. 
pressure transmission line, however, we do not have to take 
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the different compressibility factors of 
sures up to, say, 
throughout the distribution system. Also, since such 

in laminar rather than in , a different flow 

Because of the far lower density , a pipe of a

given diameter, with the , within 6%, the

same quantity of energy with hydrogen as with natural gas. 

pipes, therefore, will 

One unique feature of hydrogen is Thomson heating
effect on pressure , including natural gas, are

expanded, they cool , the

effect of the cooling, which 
transmission levels to distribution levels , can be severe enough to cause

frost-heaving of soil downstream from the regulator 
heating has to be applied to prevent , on the other

hand, expansion at , so no

frost 
effect should not be severe 
pipe materials , but detailed calculations and 

out for specific installations to ensure this, especially if plastic 
to be used immediately following 

With hydrogen, district 

volume flow as they do with natural through pipes , the

flow characteristics of 
the existing regulators will 

The pos sible effect of hydrogen on 
diaphragm is also a cause for 
cause deterioration, but, since 

exist, brought about by the , some
shrinkage or loss of occur. This can only be determined
by actual testing.



Materials

Cast iron and steel pipes are , for all , almost 

able to both hydrogen and natural gas at ambient , even

though the permeability rate of 
it is still so 
to sealing materials, but, to be sure, 
should be carried out on 

The permeability of plastic , however, is high 

to warrant further 
typical plastic piping 
ratio of permeability of 
5. 0: 1 for 1 shows some relative

permeability data measured by Battelle. 

Table VI- PERMEABILITY OF PLASTIC PIPING 

Material

Methane 
Gas Permeability,3 CF mill sq ft- day- atm

Relative Permeability,
hydr 0 

A c 
Styrene , ABS-

Polyvinyl Chloride,
PVC- II-

O. 59 51.71 87.

11. 8 157. 13.

21. 0

15.

13. 7 68.

Cellulose Acetate-
Butyrate, CAB-

Polyethylene PE II- 

Polyethylene PE III-

How serious is the loss of 
pipe, the loss of 8 times the loss of natural gas on a

volume basis , but in absolute 
mile of 4- inch pipe having a wall thickness of 0. 33 inch and operated at 

atmosphere or , Heath Survey Consultants

reports a typical leakage rate of 

and 400 000 SCF Iyr per mile of 3- inch equivalent pipe, while figures obtained

from England indicate that leakage rates 
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manufactured gas (50% hydrogen) at 
are typically 20 , or approximately 800, 000

SCF /yr per mile. 

make the diffusion rate of 
ficant.

Losses of hydrogen by diffusion through other 
than through PVC. 
as great, respectively. In , the loss will be 

SCF /yr per mile of 4- inch pipe. 

rates are absolutely without hazard, experimental 
made on the rate of , and

especially under pavement or under frozen 
and polyethylene are to be 
mental testing of actual , for long

periods of time , would. however, be worthwhile 
proof of their suitability.

Some concern exists over the possibility of , but

it is not 

Leakage

The rate of , whether fracture s
corrosion pinholes, or leaky seals , is about 3 

basis than that of natural gas. 
cussed in Section VIII. 

leak is about the same as for natural gas , and in a confined 
flammable limit will be reached in a quarter of 
gas. Hydrogen s rapid diffusivity, 2. , will

allow it to permeate rapidly , and there-

fore escape from the point , its low

density will cause it to rise 

The detection of leaks in industrial 
combustible- gas detectors. One unique hazard 
ground hydrogen pipework is that 
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of a spark or static friction , and the resulting " invisible
flame cannot be seen in daylight. , flame detectors

have been developed for hydrogen systems.

Such a situation could create 
and an appropriate 

to be no reason why an odorant could not be 
the detection and location of leaks.

Conventional combustible- gas detectors operate just as well 
as they do on 

hydrogen. A 

undergoing changeover would appear to be quite F or more
sensitive detection, since the 

will not detect hydrogen, an alternative 
gen is one of the easier gases to detect 

The safety aspects of 
briefly in Section 
working on a leaking system, especially in a confined 

excavated hole. proof tools alone will probably not be
sufficient to eliminate such 
Even the clothing worn by maintenance crews may have to be 
to prevent accidental ignition. 

whole problem of maintenance. Much information 
from the controlled operation of a 
deliberate, known 

An area for serious concern , both

when bringing new main into 
an inert gas to , or to 

main may be necessary because the wide 
(4- 750/0) compared to natural gas (5- 15%) would make 

in the main more , welding operations can be

carried out air mixture in the line is 150/0 gas.

But, with hydrogen, one would have to ensure 
was safely 750/0. Use of some form of oxygen- level indicator may
be necessary to ensure that 
procedures will have to be established by experiment.
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Most of the serious gas leaks in distribution systems 
damage to mains by contractors. , severing the 

common, while steel pipes are 
fire resulting from 
gen, however, a fire will 
present. 
to be a common occurrence; the 
be accompanied by friction , we might expect a higher frequency

of fires caused 
be considered as fortunate because a fire 
lead to a buildup of explosive mixtures, as can 
However, different operational 
with this feature.

Odorants and I1luminants

As far as is known, the sulfur 

gas are compatible with hydrogen 
Odorants have to be added , since 3 times the

volume of hydrogen is to be used, 3 times the quantity 
required although its actual percentage level 
burned at the appliance. However , this should 
The added cost will be insignificant.

When an odorant is being introduced into the gas, the simultaneous addi-
tion of an illuminant, which would , would

also be worth considering. flame
appliances and assist in the adjustment 
illuminant has yet been identified, but two classes of 
priate. One 

would burn with a yellow flame; the other is a trace 
metallic 
sodium-yellow color. 
either of these 

quantitites to be added, bearing in 

characteristics 
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The addition of any foreign material, especially sulfur-bearing odorants
could cause considerable problems 
ces ses. , Inc., told us that 

odorizing hydrogen in its 
trial users 
pounds. Similar 
alytic burners. 
odorant immediately before the catalytic bed, but in 

would be inconvenient and would add cost. 

in the TARGET fuel cell system upstream of the reformer catalyst. ) An
alternative, worthy of consideration , is to

develop an odorizing material that does 

interfere with catalysts. It new

smell" with the introduction of new, clean gas " to the public, in

which case, a suitable 

first 
Codes

We surveyed the established 
gen. Both 

1968) and the 

other gase 
2 are believed to

be directly applicable to 

although the inclusion of gaseous hydrogen is not 
it is believed to be 

gas. " In is defined as any gas or mixture of gases
suitable for domestic or industrial fuel 
us er through a piping system. s standard means natural gas
flammable gas , or gas that 
are the primary , hydrogen systems 

well covered by the existing specifications 
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The National Fire Code, 
4 however, has a special section covering the

standard for gaseous 
standard does not cover the distribution 
fied for hydrogen systems where the 
ment, it is not 
is delivered to the 

in piping, tubing,and fitting design, the standard specifically 
cast iron pipe and fittings are not to be used. 
standards contain no ) However, cast iron is not often

found in systems to which the National Fire applies.

Because of concern over the safety 
particularly in the older sections of distribution systems , the 
inserting , which would

act as a conduit, , already wide

in use for , would be equally applicable 

hydrogen service. To prevent , it 
desirable to deliberately fracture the outer casing, to ventilate 
or ,better still, to fill the 
such as water or a 

very speculative, they 
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VII. HYDROGEN UTiliZATION

Introduction

Hydrogen gas can be used 
by natural gas 
the petrochemical industry and is used as a r.educing gas in 
lurgical industry. a major part in 
fuels as a whole, then we 

is amenable 

such as vehicle and aircraft 
combustion characteristics 
istics affect the , especially as 

gas. We 

adaptation to novel types of gas 

service of fired equipment 

and regulating equipment 
in our review 

bustion engines and discuss the use of 

both for transportation and for 

Types of Usage

Hydrogen s primary use will 
In this application energy 

heat. There 

eous or gas -phase combustion in which high 
achieved. , heat can be transferred by

radiation from the 
the exhaust gases. 
combustion, which can 
can therefore avoid or reduce 
lytic 
heat by convection from 

Hydrogen can be used in three 

power. One 

which could be either , a gas turbine, or a steam

engine. type
combustor. By , steam 
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desirable temperature 
closed, no intake-no exhaust 

combustion). The third is , in a

fuel cell, of hydrogen to 
shaft power by a 

Hydrogen will find increasing
refinery feedstock, especially for

heavy fuels, such as 

useful fractions , including pipeline

a valuable feedstock in 

stuffs industries.

use in 
proces ses involving the conversion of

shale oil, and coal, to lighter, more
gas and gasoline. Hydrogen 

plastics, pharmaceuticals , and food-

As a , hydrogen 

both in the primary 
original reduction of metallic ores, and in 
atmospheres containing 
treating and scrap recovery 

Homogeneous Combustion

Combustion Characteristics

Most uses of a flame combustion. Hydrogen

burns readily and evenly , nonluminous, almost 

visible flame. 
the lower flammable limit , if the gas 

the burner ports are kept higher than 

ports themselves are 

hydrogen can be burned in a 

ane or 

A comparison 
interesting. Since 

most of the 
because hydrogen is an , it does not 

the slight uncertainties of properties 
differing compositions.
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Two important reference works are Survey of Hydrogen 
tion Properties " published by 

b) the Bureau of Mines Bulletin on " Limits 
Vapors. "3 

bustion information related to research fueled
aircraft engines, while the second 

these references are rather old, and some 

comment on may now be available. dating of the review of Drell
and Belles4 is outside the scope of 

considering for a 

One of the most important factors that 
combustion behavior in any 

Flame temperature as 
burning at constant pressure with 
batic flames). 
measured experimentally. 
the full theoretical 4 give theoretical and

experimental hydrogen-air flame temperatures in Figure VII- l and 

that for 
(50850F) at stoichiometric 

compared with maximum temperatures K (3866OF) calculated for

hydrogen-air and only 34840F for 
is very dependent upon 

gas may be , for which the

theoretical flame 2. 
ing velocity of , about 10 times 

and has been variously measured. 
shown in Figure VII- 3. The 

fuel-air mixture 45% hydrogen.
NACA has 
tration of 310 
initial gas temperature, reaching 800- 1000 cm/ s 
preheated to 700~ (8000F). 
flames is somewhat , which are 

flow.
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HYDROGEN IN AIR I vol 6/526

Figure VII-l. THEORETICAL AND EXPERIMENTAL
HYDROGEN-AIR FLAME 

The quenching distance, representing the 
ing through which a flame will , is smaller for hydrogen than

for methane and is 

Data are shown 4. 
with increasing temperature, but no data are given in Reference 
:i:nteresting observation was lo who investigated the

quenching effect of an 

combustion of the hydrogen-air mixture; 

This is important in * because it 
that if the 
tance (i.e., about 1/2 

See later.
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Figure VII-3. EFFECT OF HYDROGEN CONCENTRATION
ON BURNING VELOCITIES OF HYDROGEN-AIR MIXTURES.

PRESSURE, 1 , 300~4

In the practical design of flame arrestors, considerably smaller gaps
than the 1. 0 mm distances 4 must be used because pres-

sure surges can occur which would lower 

et al. 6 studied the use of sintered 

limiting safe pressures 
While fine-mesh screens are 

mixtures t sintered metal will apparently 

Although such traps , dust and 

from the air 

Methane has a 
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Figure VII-4. EFFECT OF HYDROGEN CONCENTRATION ON
QUENCHING DISTANCE OF HYDROGEN-AIR MIXTURES4

Flammability limits for 
extensively 
to avoid the quenching 

A distinct 
of hydrogen and methane. 4 as

follows:

Effect of direction of propagation The flammability
limits for 
are measured for propagating
flames, because 
upward. For instance, the lean and rich 
methane are: upward, 5. 3 and 13. 9% by volume in air;
downward, 5. 8 and 13. 6% by volume in air. For hy-
drogen the behavior is different. The rich 
hydrogen is 
74% by volume in air. The 
not in the usual way. 
gation 3 whereas for 
lean limits. One 
ent flames; it is 
burns 
herent limit of , but
the flame is 
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ascend the tube. Although 
all the fuel, they have 
The noncoherent flames occur because 
sivity of 
consume a mixture 
mixture. 

Flammable range The flammable range (i. e., 
ference between limit concentrations)

is exceptionally wide for 
propagate in lean hydrogen-air mixtures 
percent fuel, as already 
ratio of about 0. , as compared 
limit of about cp = 0. 5 for 
very high rich limit, 74% cp 6. 8, is also outstandingly

different from 
lean- and rich- limit flame temperatures are 
and l2000 , respectively which are values 
than those for hydrocarbons. 

5 suggests that these

effects peculiar to 
tration of active particles and their high mobility.

Recommended limits 
pressure Various workers who have used the 
method agree with 
fore unnecessary to 
data. The 
limits for 
about 3 

Flammability Limits
Lean 

vol % Ha 

Upward propagation
Coherent flame
oncoherent flame

Downward propagation

9. 0

For hydrogen 
about the 
hydrogen in air. 
is 93. 90/0.
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The flammability limits are 

Figure III- , so 

for stable, coherent flames.

400

Leon Rich
limit limit 1/

10 70 
Hydrogen in air, percent by volume

350

300

. 250

~ 200

Q.I

-2 150

100

Figure VII-5. EFFECT OF 
LIMITS OF 

Flames will 
sures (i. e., 
limits , although the quenching 
considerably 
have a small 

The spark ignition , about

one- thirtieth that of , to eliminate the 

apparatus geometry, idealized 
Data for 
are lower than 

tems. 4 stated that insufficient information 

on the effects of spark duration, flow 

which would all be 

tion system. 
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observed spark ignition 
VII- 6. energy is markedly dependent on 

and on pressure.

Pressure

r;; 

/" --...-----(/).....':;:

20 
Hydrogen in air, percent by volume

Figure VII- 
HYDROGEN -AIR MIXTURES A 

The conditions under which a 
not only by the fuel-air composition 
velocity near the burner wall. et al. show the stability limits
for hydrogen, which 

ane (Figures VII- 7 and VII- 8)-- The hydrogen flame 
region for hydrogen flames. 

than a methane flame , but the velocity grad-

ients must be 
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Flames held 
circulation zone 
stream flows so fast that 
and Belles4 remark that " since hydrogen diffuses more readily 
in contrast to almost all ordinary fuels, small flameholders 

stabilize 
holders at a given lean equivalence 

stability , and larger flame-

holders They go on to say that "much work
remains to 
the data are confined 

ficulty is that the extremely stable, and large air-handling
facilities are 114

This research problem 
of this type will not be a 

When heated to a high , a mixture 

air 
With certain , the mixture 

fail to ignite at a 

ditions. The 

air mixtures prior to 

portant in satisfactory burner 
spontaneous ignition, data are 
fore, data for a 
a manner that l, 2

refer to heating for long enough periods 

measure the ignition 17 show the temperatures 

which ignition lags are 9 shows

the marked variation in ignition 
mixture at two fairly , while Figure VII- l 0 shows
some widely varying data , indicating that spon-

taneous ignition will occur in 12500 region. A 
of 9680F is 
for methane-air.
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Figure VII-9. EFFECT OF HYDROGEN CONCENTRATION
ON IGNITION LAG AT 

Burner Design

Since so many , the design

of burners should be a 
combustion properties 

tures of hydrogen with CO, CO2, hydrogen

manufactured gas. 

gas will also , we 

changes and advances in 
the conversion to natural gas to see whether these 

ible with 
ing natural gas burners for operation on hydrogen.
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In Section IX, we 

natural gas , including the need to convert 

burners on 

An existing burner 
drogen for a 

heat, 3 times , compared 

is required. 
because the flow rate 

the same orifice with , the fuel-air mixture

required for hydrogen 

ventional air mixer 
is drawn in 

gas coming through 
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The requirement for a 

from the , which represent 

CH4

1 volume
20a -) COz + 2Hz

2 volumes

3Hz

3 volumes

l/20z
1/2 volumes

-) 3Ha

Thus for , requiring 3 times the volume flow 

hydrogen, the oxygen requirement, or , will only be

three- quarters of that required for methane.

Hydrogen burners have a , as shown 

Figure VII-8. 
the critical 
might be achieved by adjustment 

fuel flow rate below 

hydrogen than for , since hydrogen should have no

flame blowoff problem, very small burner , which

will help to 

The theoretical 
higher than for natural gas-air (3866OF compared F) resulting

from the 37 Btu/sq in. of 

compared to 

ing local temperatures at 
pliances used with 
modern , or punched- sheet metal

ports, which would be 
the possibility of the burner 
ignite the 

The best way of 
be to arrange a comprehensive 

types of burners on hydrogen. 
work, but 
evaluation will be especially 

burners used in 

VII- l 6



Conventional ignition devices 

the required ignition energy is lower than for natural 

pilot if the , but we are 

that 
will not be 
electrical or 
for natural gas.

We can summarize, therefore, by observing 

gas burners are expected 

The extent of modification will 
individual burners 
tion to the ports, by reducing , is almost 

Modification of the air-mixing 

materials that are close , including the burner 

may have to 
the port size, the operation will be 

vious conversion from , where 

drilled out. 
quired to determine what 

Design of burners for use on hydrogen 

Stable flames are easily ignition devices can 

Catalytic 

The potential of catalytic 
lenge and an exciting prospect for 
appliances for use with hydrogen. 
fers markedly 

that takes place on the surface of a 
and confined to a 

ature than in an open flame, although 

hydrogen, the temperature 
nition lag allowed; it 
flowing gas mixtures such 
without the formation of 
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Considerable benefits are achieved from 
burners. The 

such applications as poultry-house heating and 
the safety factor of not having , which thus reduces 

hazards. fired cata-

lytic heater 

By far temperature
combustion is the complete 

Nitrogen oxides are found in any flame using air 

the air within and 

about 28000F. A 
not cause nitrogen oxide formation.

The catalyst usually a small 
material supported on a high-surface-area 

made to 
On the other hand, if low- grade heat is , for space

heating, a very lean mixture 
produce an exit stream of 
vective heating. , the range 

temperatures available is wider 
radiant heater and the radiant ' source temperature is more 
tributed. The 

of the application.

In the early to mid- 1960' , research progressed on 

on the assumption that, to be economically 
any catalytic burner 
gaseous fuel, namely, 
limitation on the technology 

gas combustion. Pos energy arid cer-

tainly because of 
methane and air , even on a 

active platinum catalyst. 

device is required. Also, as 

tures cannot be , preheating of 

is required before 
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combustion occurs, propagation of an open flame , and some-

times occurs.

When hydrogen is , an 

emerges. , hydrogen 

air on an 

and sustaining of combustion 
For example, the conventional 

from electrolytic 
over a 
at room temperature, and 

if the original O2 level in the feed 

A catalytic burner for 
ways. A low-temperature burner, capable of 
for space temperature applications
would consist of a 
catalyst and fed with a leaner than stoichiometric mixture of 
air. The , and , would be

determined by the relative 
actor and by , the air convected around

the exterior of the reactor, or both would be used as 

Another concept is to , or hydrogen

alone, through the pores of a catalyst- impregnated ceramic or 
bed and to allow secondary , which

will thus 
will be limited by the 
Adjustment of the ratio 
the local emission 

Little 
hydrogen- fired catalytic 
Institute of 
burner reformed natural" in 
Tomorrow exhibited in reformed natural" was a mixture of
hydrogen, COa, and methane, obtained 
of natural gas. 
operation of catalytic appliances 
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warming trays. 

they operated, these appliances could be constructed 

High- temperature radiant 
pliances, intended to demonstrate the 
in operation, were 

for refinement.

The catalysts used in 
most commercial catalytic heaters are , but

only small supported catalystl' 
We carried 
tion of 
most of this work is of 
catalysts, considerable 
such as copper, copper oxide, silver, and manganese 

these materials provide smooth 
low temperatures, though not at , we have

good reason to believe that 
operation could be built , except in

some form of 
to develop the catalysts 

determine the long- term , etc., on 

As far as 
has had a requirement for some time 
oxygen thrusters used for 

shuttle. Catalysts capable of reliable 
down to temperatures as low as -2500F have become 

the space program. , are based on platinum metals

but it appears temperature

appliances will not present a 

quire the use of 

Appliance Concepts

The most important
rather than conventional

exhaust or Il flue gas.
vapor and excess air

difference to observe 
fuels is the completely nontoxic nature of 

The combustion products consist 
together with traces of nitrogen oxides , only 
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the flame temperature is , the combustion

products are only water vapor and excess 
be discharged into an interior , provided the

humidity levels do not , it should be possible

to dispense with the need for 

the appliance, provided we ensure 

space to allow combustion enter and water vapor to 

Apart from 
as sociated with a flue, one s domestic " central
heating" systems are 
chimney is required. 

in distributing the fuel around the house rather 

system for 

We may conceive, therefore, domestic gas decen-
tralized" 
their flexibility. Space 

and would operate 
type or could be 

These units 

Cooking appliance s fed 
simpler than electric appliances, but they would 

characteristics of electric cooking with the 

food-warming devices, both open trays and hot cupboards, would be 
simple hot spot" is pos 

combustion. Similar 
air furnaces, thus allowing 

materials to be used. temperature radiant catalytic 
be capable of incorporation into a smooth-top range cooking 

Elimination of the need for a portable " gas 
ance an attractive quire the development of an

acceptable quick-release connector for hydrogen 

Another aspect of 
one should obtain from a home-heating plant: 15- 30%
of the heat be 
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conditioned" air through the 

would be possible.

Therefore, 
problem in , a whole new range 

modern- image" appliances can be 
both in convenience and in 

stimulus to the appliance manufacturing 

Suitability of Customer s Equipment Other Than Burners

Some other ' premises 
modified or replaced to cope with hydrogen. 
below in the order in which 

Service Piping and House Piping

If a 
specific gravity of O is 
liver the s of hydrogen (3. 2 times the volume), 

pressure drop will 
to be , or only 

vice, this difference is considered to be 
relationship applies only to nonturbulent flow at nominally 
pres sure and is 

pressure trans-

mission pipelines in 

Service Regulators

The rate of flow in Btu s through an orifice at 
with natural gas will 340/0 of that Btu flow

when operated under the , fundamentally,

the capacity of both the regulator and the relief 

the equivalent of an orifice, one could expect 

would be reduced to a 

Regulators are very seldom 
their 
will probably continue to operate properly on 

would be found operating near 
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Meters

Because the heating 
natural gas, on a volume basis, 3 times 

plied to do the 
the customer s meter will 
meters installed 
these would have to be , a meter 

same principle as at 
a problem in accommodating 

to operate the meter at a , the 

to be tested experimentally.

Appliance Regulators

Appliance regulators , just as service regulators, will probably oper-
ate with satisfactory capacity in the majority of cases. 
may cause 
Many appliance regulators are 
tended to limit 

should rupture while at the breathe
properly. An 

(2 CF) of natural 
that this 

lation without danger of creating an 
same degree of , the vent would have 

to pass not more 
lower viscosity of hydrogen, this opening 

and may not allow proper 

One possible solution to this 
taining check valves 
restrict the 
check valve. , inward flow causes 

open, thus permitting the regulator 
trol position 
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Pilots

Since the hydrogen flame is a , it 
ble in 
ble to observe whether a 
conventional methods. Moreover, a conventional range- top burner is
likely to require a " relearning" process on 
it will not be 

One possible way to eliminate this 
hydrogen a trace of suitable 
The amount would have to be 

nonpolluting characteristics of hydrogen.

Local Electricity Generation

Although we are 

stations that , we must

concern ourselves with 
the city load centers, which 

direct-conversion stations, operating on nuclear or , of

course still be 
hydrogen at a 

directly from 25% of our 
conveniently met by , so 

vert up to 
center. Whether 

economics of the transmission cost 
and reconversion cost of , the 

a major role.

Hydrogen can be 

fuel cells and by direct , the

efficiency will be higher 
lower if oxygen 

generation station). Moreover, the use of oxygen completely 

the pos 

of hydrogen-air fuel cells are 

pollutants and that their 

operating on the 
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Hydrogen as a fuel 

various hydrocarbon fuels , turbine fuel, diesel oil

and residual oil, all of 
Gas- and oil- fired central 
a large , particularly those 

omic s natural

gas production areas of 
Oklahoma, and 
steam for 
portation is conducted use 

The use of hydrocarbon- fueled gas turbine-generators has 
nificantly in the past 
natural gas and type fuel) are 
machines, which 
times to 
hand, gas heat rates " (Btu/kWhr) or
operate at significantly lower 
relegated them to peaking as load service. 

can be used to fuel 
craft gas turbines operated on 

This reveals that 
bines in this way, 
which is 

unlike a hydrocarbon fuel, can be used 
ment of 
increase could allow load as well as peaking use

and thus allow full , their low

capital cost, and 

power stations. On , increased temperatures 

to increased nitrogen oxides emissions , and operation 

hydrogen will 
their installation in 

Diesel generators also remain in 
No. 2 fuel oil, these large reciprocating 
to hydrogen, but the technical and 

VII-



undeveloped. However, after extensive experimentation, Schoeppel

has concluded that 
hydrogen fuel is to 

quired ignition time. , a diesel engine should convert 

Finally, for conventional generation equipment, hydrogen can be used

to replace natural gas in large boilers associated with base-load generat-

ing plants. This 
being primarily associated with burner and 
However, technical 
fort will have to term 
sion. Nevertheless, any urban power 

in the near future might be 
version to operate on hydrogen. 
as their sole pollutant, reduction of 

ably amenable to research.

If a high-pressure oxygen 

perhaps from a generating plant or

from a , a vastly 

generator can be 
together in a high-:pressure combustion chamber, hot steam 

The combustion can be quenched 

and a supply of high-pressure 
50000F can 

This steam can be used to 
This steam 

technical analogy is the Apollo

second and third stages. 

11 feet long, yet generates a 
ison with the boilers required for a MW power station

this is 

the maximum efficiency of present 
ature not by turbine temperatures, so 

possible from a 
system is a 

distilled water) are 150/0 heat 
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stack gases are 

tric industry by , which

has 
interesting advantages 
surized oxygen, and the cost pres sure of hydrogen, since both
reactants must 
pears quite retrofit" 
power stations. , we understand 

considering one program to 
a system is amenable 

exhaust is involved, the noise 

be 
Magnetohydrodynamic generation systems 

opment at present 
to conventional 

developing the very high 

fuel is considered. , oxygen combustion 

for 
temperatures using preheated air.

Hydrogen s excellent cooling 

in attacking a 

providing endurance to the 

Also, if cryogenic , it 
sink for the use of cryo- 

drive to establish , which 

about what the state of 

Fuel cell 
and applied research for , programs 

toward commercial electricity 
both carried out by Pratt & Whitney Aircraft 

Corporation. One, the , aims 

gas - fueled power , either in the 

family home or in larger , sponsored by a

number of electric utilities, aims 
MW size for 
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cell 
of lack of financial support.

The fuel cell has 
In summary, a fuel cell is 
trochemical reactants , a fuel and an oxidant, are 
the reaction products are 
is produced. 
The simplest fuel cell to 
which react to form water 
hydrogen and oxygen actually meet. 

to soluble ions that meet in 
water. No 

Since the fuel cell is an , it Carnot

cycle " efficiency limitation, which 

between two temperatures. law

limitations , it is potentially capable of 

Hydrogen-oxygen fuel cells 
Apollo space programs. 
Apollo, responsible for ' lives - 

and support systems - , was a 

oxygen cells. These 

for 
ating fully automatically in 
relatively few , as are

all " space-hardware" items. 
previously described, work 

where to 
sea use, but the , volumes, and 

rather than in low 

Low cost has , but the

type of system has 
In addition to having a 
hydrocarbon-air cell is 
hydrogen-oxygen cell.
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With present-day technology, characteristic fuel cell 
efficiency 
even at power levels as low 200 kW (Figure VII- ll).

HIGH EFFICI ENCY AT ALL 

0 ~ 40

- 0
... 30

i: ~
1.1.. ~
L8J

FUEL CELL SYSTEMS

10 000 10,000 100 000
POWER OUTPUT - 

* BASED ON 

Figure VII- II. FUEL CELL 
OPERA TING ON 

Source: Pratt 
Division of United Aircraft Corporation

On hydrogen and air, the efficiency (based on a-c 
about 5510, and on hydrogen-oxygen, nearly 60%. 
high over an extremely broad 

to 125% 

hydrogen available, the fuel processing 

eliminated, thus saving 

There seems a very 
cell systems 
commercially by combining 

program. Up 

existent because 

Vehicles and Aircraft

Natural gas has been proposed and 

propulsion, and has been considered 
equally or more , a large new 

opened up for the hydrogen- gas industry. On , we may
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ask ourselves what other 
and aircraft at a time 
priced. The 

propulsion - a 

success - or like fuels using a nonfossil

source of COa and hydrogen. 

the pollution problem 
to restrict the aviation industry.

Hydrogen can be used as a 

is to operate conventional engines - reciprocating or 

hydrogen with as 

hydrogen fuel cells third is to

develop a completely new kind of mechanical 
cycle, using a hydrogen-fueled steam generator. , if
practicable, would allow 
engine technology to be used 

One

The operation of internal 
history, dating back to the 

they could stabilize 
from the lift 
the conversion of airship s. 
he and his 

for submarine , Erren and Hastings- Campbell7 saw

the possibilities of using peak as a 

and stated that this 
oil import 
found observation went 

Among other workers 
of engines on hydrogen, we et al! , who

operated a laboratory test 

combustion knock, provided no carbon 

servation could be of great 

form in an 
source of carbon is , which 

for the failure of several other 
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run, engines on hydrogen. , increasing concern over

automobile pollution has kindled 
indeed, several 
whom we have corresponded are 

Prof. R. 
several small hp single-cylinder 
injection technique 
that the nitrogen oxides 
ably lower than from , but his data are only approx-
imate at this 12).

It)

a::

CJ)

-' 2

RICH 

GASOLINE

HYDROGEN

LEAN1.0 1.5

AIR/FUEL EQUIVALENCE RATIO

52507

Figure VII- 12. WIDE-OPEN THROTTLE 
CHARACTERISTICS OF SINGLE-CYLINDER ENGINES

International Materials, Inc., Boston, Mass. 
engine in a 1972 Torino and fueled by hydrogen 
trunk-mounted gasoline reformer. 
are in the provision of a 
justment of ignition 
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Brookhaven National Laboratory. hp) Wankel
rotary engine fed with hydrogen-air 
plies with no conventional carburetor. 
factory operation.

A student 
part by IGT. Vega engine on pure hy-
drogen, using a 
encouraging, indicating that 
needed.

A student 
different Ford , and a Briggs and 
cylinder engine. 
rings and compression 
are investigating exhaust gas recirculation to slow 
tion speed of 

In addition to these activities, six or seven 
known to be working 

neither GM, Ford, or Chrysler has any 

Because of the high flame , once ignition occurs , complete

combustion takes place rapidly. Thus , if the inlet valve is 

the plug fires , backfiring takes place. 
ance of , but an 

anical 
therefore incorrect for 

timing should be retarded. Indeed, unlike gasoline engines, hydrogen

engines have no need of advanced timing 

Due to the low ignition , ignition can 

on any engine hot 

gines under severe 
operating run on" after the igni-

tion is turned 

the last 2 years 
pletely cut off the fuel supply 

ignition of , subject to

carbon deposition from oil combustion, and must 

Schoeppel prefers 

backfires by using a direct , as

with the diesel engine. 
real because 510
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fuel-air such an explosion could occur set
off by hot 
heard of no occurrences 
ments we ensure 
pump.

Thus, the conversion of 
to hydrogen operation appears to present no major 

to date indicates that , smooth 

and the absence of all , which 

reduced, will result.

An entirely 
proposed by Escher8 and is under consideration by 

It requires both , and operates

by means of 
power stations. A , into which 

jected, generates steam 
ciprocating engine. 
and about 90% of the water is 
act as a working fluid. This 

ceptual stage and suffers from 
and oxygen tankage is considered - and 

weather. Nevertheless, development 

promoted for its 
ability of 

Experiments were carried 

hydrogen during the 18 converted a

standard J - 57 aircraft engine to The con-
version of the J - 57 engine to operate on liquid 
far easier than one might imagine, and 

hydrogen 5 months after very simple

axial tube injection system 

As an example 

P&W A noted 

so that the F and

the engine turned so slowly " that the first- 
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We met with the projed 
who had been monitoring this project. 

turbine on hydrogen presents no 

(the 304 engine) designed specifically to 
tudes , Pratt & ~itney s hydrogen 

after only 25 hours of tunnel testing. Meanwhile, the

National Advisory 
tinued the fueled aircraft and actually flew a

57 aircraft (Figures VII- 13 and VII- 14) with one engine operating on
hydrogen from a liquid-hydrogen wing tank. 
fueled aircraft research , referred

to later.

TANK

Figure VII- 13. HYDROGEN SYSTEM FOR B- 57 AIRPLANE

Thus, 
present no difficult The only pollutant 
ides, and the 

Although the engine conversions appear to be minimal, handling of

the fuel presents 
quired for pressure storage 
as a mobile fuel. 

use of liquid-hydrogen tankage, and the other 
bound hydrogen as a hydride. 

some detail in 
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Figure VII- 14. B- 57 BOMBER IN 
SYSTEM WAS INSTALLED

The specific 
gasoline or any other hydrocarbon , 600
Btu/lb and higher heating , 000 Btu/lb, compared 
lower heating value of 19, 500 Btu/lb). Hydrogen itself, then, will weigh
only 
liquid-hydrogen tank, incorporating , will admittedly be

heavier than a , but the overall weights should be 

able in small sizes and should be considerably 

sizes. For 

an aircraft fuel for long-range, high-performance 
supersonic and hypersonic air transport. 

drogen, however, makes 42 lb/CF

compared to 
occupies 3. , of course, affects the

weight of the more 

In aircraft use, this disadvantage has prevented 

ation of , but for hypersonic 

craft 
additional benefit; it is 

Center s staff told us that 
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aircraft. During our Lewis

Research staffs, we 
the use of hydrogen for subsonic bodied or " Jumbo
size (i. e., 1960' , NASA

promoted the use of 
project 13 studied the

problems of making large 
airports throughout the world. Thus, much 
hydrogen- based 
finement will be carried out by NASA , or by the 
as it 

competitivell price. Again, we ask , competitive with what -

in the nonfossil future?

The use of liquid 
question of acceptance and 
the smallest insulated tanks, designed for

LNG, will 

of 18. , including ullage space. , AMETEK/Straza

indicate that this tank is adaptable to 

time of 18 hours; , the 

sure limits of , 60 psia, for that time without 

designed tanks for hydrogen service, with superior insulation, would 
longer times without gallon tank, which would 

17 gallons, or , weighs 63 pounds and corres-

ponds to , for example

in a 10-pound tank. Thus, the hydrogen and tank 

as much 
is increased. However, the size referred to above would be too 
to serve a 

Nevertheless, present technology 
the construction of a properly designed liquid-hydrogen automobile

tank that would 
tank, but would not be , most 

the antipollution devices 
an assist for the air-conditioning load could be obtained 

hydrogen evaporator. The problems 
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of fueling availability, and of 
accidents remain to be 

The alternative is 
National Laboratory14 have been 

, in-

vestigating metal 
magnesium hydride , fuel 
given in Table VII-

Table VII- I. COMPARISON OF 
HYDROGEN STORAGE SYSTEMS

(Energy equivalent to 

Storage System
Weight of Carrier

and Fuel, lb
Contained

Volume, CF

Gas at 2000 psi
Liquid H2

2250
353

692

10. 2

10. 8Magnesium Hydride
(40';10 voids)

Clearly, 
for metal hydrides having a lower 

a hydride in an automobile 

of the charging process. 
considerable heat is evolved and 

The family automobile, being charged with hydrogen overnight, could sup-

ply the heating plant for the 

engineering studies, together with an increase in 
already in progress, seem 

For larger , buses, trains, and even ships

the penalties of weight 
in automobiles. Both 
reasonably be considered for such handling and safety
problem becomes far les , such

as in a rapid , is considered. Such

systems could provide a logical entry 
service.
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Under contract to the , NASA- Lewis

Research Laboratory has 
city buses that is beginning to 
drogen as a fuel.

Industrial 

Hydrogen is a 

ical and 

for space 

latest statistical figures are for 1968, when 

tons) were 
synthesis, basically for 
fining; and , hydro-

chloric acid, and other heavy chemicals, and for hydrogenation 

unsaturated fats and oils for 

metallurgical 

Most of these uses are 
ments for 
CF 
used in 
unit quantities of 

Table VII-2. s commercial hydrogen 

ural gas, but as natural gas prices increase, reforming of 

heavy oil is 
tractive and likely source of 
The fastest 
industry, 
stocks and for upgrading distillate type materials.

These trends will 50 years , without 

The petroleum refining industry 
bulk hydrogen, possibly produced 

central plants. , both the sources and uses 

hydrogen will 
treating them with 
will probably 
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Table VII- TYPICAL INDUSTRIAL 
Use Standard Cubic Feet/Unit of Product

Ammonia Synthesis
Methanol Synthesis
Petroleum Refining

H ydr otr ea ting

Naphtha
Coking Distillates

Hydrocracking
Coal Conversion to -

, 000- , OOO/short ton of 
36/lb of CH3

~ 61 O/bbl 

50/bbl
750/bbl
2000- 2500/bbl

Liquid Fuel
Gaseous Fuel

6000- 7000/bbl " synthetic " oil

""1560/1000 SCF " synthetic " gas
Oil Shale Conversion to -

Liquid Fue 1300/bbl " synthetic" oil

1200/1000 SCF " synthetic" gas
, OOO/short ton of 

3070/106 Btu
2700/1000 lb process 

Use of 
has long been known , only very 

been made of this 
million tons in 1968) far outshadows the production of 

combined, hydrogen 
this area. 
economically competitive with the , many 

are already in 

Mines estimates that by 
of iron using 600 

ferrous metallurgy (copper, zinc, and , but would

be less hydrogen-consuming, both 

Gaseous Fuel
Iron Ore Reduction

Process Heat

One of the primary 
that it results in 
renowned for its 

fluidized beds 
Reduction of sulfide ores (copper, lead, zinc, nickel, etc. ) would pro-
duce hydrogen sulfide, which could 
its innocuous 
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Oxygen By-Product

Any proces s for 

oxygen as a by-product. If , for example

a 1000-MW power station electrolyzer, it will 
lion SCF / 
other words, hydrogen production 
3800 tons / day of 
plant (1800 

We have taken 
calculations because the quantities will 
the current market. However, by way , the cost of oxygen

now lies , according to 

delivery. At , this represents a 

$ O. , which 

pected hydrogen manufacturing cost.

Oxygen is used basic

oxygen furnace" process now becoming 
business uses 1900 

1971 was , representing a 

tons of oxygen. 
treatment and water purification systems, where 
tities 
commercial furnace air supplies, both to clean up 
increase efficiency.

Oxygen is not normally 

miles because at greater 

onsite. Many large- diameter oxygen 

and in Europe, primarily 

and the distance over which it 
quire further study because tonnage 

important new product of the hydrogen- gas industry. The 

relation 
potential use in the steel 
will probably use these materials in a proportion other than 
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stoichiometric ratio in water, so 

available for 

profound influence on the production plant.
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VIII. HYDR OGEN SAFETY

Introduction

Undoubtedly, hydrogen is a hazardous 

mable in air 
flammability limits, when mixed , are very wide and 

energy is very small, a hydrogen 

ane or a 

hydrogen are therefore more 
tional fuels. 

hydrogen is not justified 

Our purpose here is 

to determine whether or 

safely. Since we , both

for peakshaving and as a , we 

cus s the 

Gaseous Hydrogen

Hazardous Properties 
With Natural Gas

To discuss , we must 

reference 
standard. We must understand, however, that natural gas 

a potentially , although we 

safely. Nevertheless, we must watch 

hydrogen that will require , changed codes 

practice, or the 

Table VIII- l lists 
which relate 
available on the physical and 
of its scientific , and more 

cently, to its very 
an aerospace propellant. A good 

ties of 
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Let us consider a gas- filled system 
compare the hazards of orifice
capacity, 
size, is 3 times greater for hydrogen on a , but because of

the lower heating energy is only 93 times as

fast (that is, essentially the same).

If this , it will reach the

lower flammable limit 26 of the time, or 3.

times faster 
however, the energy 
released in a fire or explosion quarter of 
5% methane-air mixture 
small hydrogen 

glas sware while methane 

If no ignition occurs 
the hydrogen will reach its 

become " safe " again in 
gas to reach its " safe " condition of 15% , in prac-

tical cases, some 

that 
can do so readily.

If the limited release 
we observe that 
far greater rate than does natural gas for two reasons: 
hydrogen is only one- fourteenth that of air, compared 
thirds for methane, so 

molecular size 
that of 

We might stop here to 
in this context. 
air and tend to 

hazardous. The 

are 
will be important 
of handling liquid 
tanker 
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If a 
hydrogen will 
ignition energy for , and an 

static spark , it is far 

eliminate ignition sources for lighted
cigarette is reportedly3 not hot enough to ignite a 

Once a flame occurs, the rate of propagation of 

6 and 100 times faster for , depending on 

air ratio. Although extremely rapid combustion of hydrogen can 

fore occur, detonation of hydrogen-air 

fined space. For , large hydrogen 

out of doors. 
noise, structural damage, and 
sion. The quarter of that
for methane so that a 
property also 
more complex 
pads must be 

A leaky piece 
additional hazard because the flame , a

small hydrogen fire 

until too late that a , may 

other hand, the very low 

results in less 

fire.

Extra Safety Precautions Necessary 

Having compared the hazardous properties 
gas, we are now extra precautions are nec-

es sary for 
hydrogen handling and safety generated from NASA' s and the Air Force
experiences, one 
tive approach to hydrogen, emphasizing leak 

sideration. Nowhere does 
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an odorant to hydrogen 
with natural gas. 
cate that such a step has not 
hydrogen user would probably not 
catalyst poison 

If one reads the 
with the understanding that smell " then 

of the difficulties of 

Fire 
in daylight. The 

this danger, too.

The higher rate of 
plies that the physical size of a " tolerable " leak in a hydrogen 
be smaller than for , conventional leak detection

techniques such as smell, combustible-gas detectors, and pressure decay
rate will respond in proportion s) leaked phys-

ically so that these 
Once the leak is , the problem of hole
of only one-third of the size will be greater, and therefore both 

tion and repair techniques for gas 

achieve a " tighter" system than 

Because hydrogen diffuses , at a far greater rate

than natural gas , a report states15 that " leak detection will be 
since a concentration of gas 

properties of diffusivity 
exact site of a leak. This is true for combustible gas detectors, for

example, but other simple techniques , such as

soap bubble testing, 

we will 
because of this 

Current 
installations out of doors , the Hydrogen
Safety 9 states that "threaded joints are acceptable for use 
eous hydrogen systems with a 
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inside a building are to be Little justi-
fication exists for 

ized. However, it 
leak into a confined space, such as indoors, the 

rather than a deflagration, is increased, 

practices for 

different for 

The very low ignition 
for one to ensure 

hydrogen leak is , since an 

will ignite a 

on a leaking hydrogen main, for example, in an excavation 
wearing special "non- static" clothing. This area needs 
ation and testing to define 

Due to the " reverse Joule-Thompson effect, 11 

expansion at IDrmal ambient temperatures, so 
of gas from a high-pressure pipe 
and ignite 

At this time, therefore , the only extra precautions to be taken with

hydrogen as opposed 

in obtaining leak- tight joints, in installing 
required to protect personnel 
tems, and to 
out of doors. 

Established Safety Codes for 

Both the U. A. Standard Code 
2 (USAS B3l. 8- 1968)

and the minimum safety 
gas by pipeline of 6 may be directly ap-

plicable to , although

the inclusion of gaseous , we 

it to be gas. II In 

3l. 8, the term " gas " is defined as any gas 

able for domestic or industrial fuel 
user through a s standard 11 gas" means 

gas, flammable gas, or gas 
standards are the primary , hydrogen

systems seem well 
VIII - 9



The National Fire Code 11 however, has a 
the standard for gaseous 

the standard does not cover 

specified for 

equipment, it is not clear 
hydrogen is delivered to 
concern is that in , the standard spec-

ifically indicates that cast iron 
other two 

In addition, an American Petroleum , which

surveyed industrial use of materials , has

published its 

rials selection. 

Experience of 

Perhaps 
dence in 
accepted practices in , town gas, or coal

gas. A 

Town Gas Coal Gas

Constituent vol %

Benzene, etc.
Carbon Dioxide

O. 8

2. 6

O. 5

14. I

46.
19.

9. 2

1. 2

O. I

O. I

2. 9

7. 3

50. 6

29.

4. 9

Oxygen
Ethy lene

Carbon Monoxide

Hydrogen
Methane
Ethane
Nitrogen

These were hydrogen-rich gases. 

from , considerably wider than 

gas 13. 4% under the 
so wide as for hydrogen , the 

monoxide content of these gases 
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In 1961 , the British Gas Council 

levels in 

5% ;14 all new 

standard. 
hazard of manufactured gas , which, of course, would be absent 

hydrogen gas.

In the U. 

pipelines in very considerable 
1945, 72, 000 

of which 3410 miles were 
ufactured gas included "water gas , retort coal gas , coke oven gas , oil

gas, blue gas, producer gas, reformed gas , and any mixtures thereof;
most of 

Town gas has been safely stored 
lations in Europe. 

near Paris , operated by Gaz de France. 
for more , or town gas , before being

converted to natural 

a 6000 million , at a working pressure 

storage systems in 
million , and another 

of " refinery gas , II presumably hydrogen-rich. 

storage facility has 
450 psia for several years (1959- 1969).

Liquid Hydrogen

Special Hazards of Liquid 
Compared With 

Liquid hydrogen is proposed as an 
purposes. One , and the

other is for a transportable fuel 

used for both of 
limited at present and is developing only 

the relative 
a rocket propellant, a great deal of experience has been 

LH2 and one finds 
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Table VIII- 2 cites 
tively hazardous natures.

Table VIII-2. COMPARATIVE 
HYDROGEN AND LIQUID NATURAL 

LH2

Melting Point, o

Boiling Point, o

Critical 
Critical Pressure, atm

-434. 6

-422. 9

-400
12. 98

O. 07

182 X 10

Specific Gravity of 
Specific Gravity of Liquid, lb/ 

Viscosity, poise

LNG

-296.
-258. 5

117

45.

26.
1400 X 10-

In the liquid state, hydrogen has a very low 

through a ruptured tank at a high rate. However, the chance of a tank

failure is remote, since hydrogen must be 

insulated dewars, with the evacuated space normally Perlite
insulation. This 

is protected 

The normal 

for LNG, below -423o , and 

hazard. 
helium. Thus, any part 

cooled to this 

Because of the 
trogen, the resulting 
improperly insulated LH2 

dangerous fire hazard. , all , includ-

ing asphalt pavement, must be 
stallation. In addition, foam 

pipes or tanks unless 

hydrogen or helium, the only gases 

leaks into the insulating space 
centration by 
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Any line or 
must first of the capability of LH2

to liquefy nitrogen, a nitrogen purge 
especially where of hydrogen in the system 

tained. Helium 

port 8 "Handling Hazardous Materials " states with emphasis Because
of its scarcity, 

In all three large-scale 
study, helium is used as a purge , nitrogen purging

will quite of LHa used as

a fuel. 

operations.

During transfer operations, and 

ations, hydrogen gas 
is normally provided 

Kennedy and at Brookhaven National Laboratory, 

mere not ignited

in these instances, this procedure 

(1965) practice. of Mines ' study indicated that

stacks used to dispose of excess hydrogen to vent

freely, but the gas should not be ignited. 

LH2 is routinely rs 
to central storage 

personnel who are present of LH2

transfer is only used , for these are 

uninsulated, and 
and transfer practices have 
all 

Established 

NASA and the 
cedures for of liquid hydrogen. of the liquid
hydrogen used in the 

where it , procedures 

over public roads and railways had to be developed. More 
manufacturers, especially Linde and , have developed a

VID-



commercial business of 
as a liquid. , regulations, specifications, and standards

have been formulated. ASME, TCG, 

the specifications for equipment, shipping regulations, and 

standards for , road trailers, tank cars and

storage stations; they are 

The "Public Image " of 

The "Hindenburg Syndrome

Whenever the prospects of 
raised for the first time in , people who 

of hydrogen fires or 

has 
ular fire that destroyed the airship Hindenburg in 1937 at Lakehurst, New
Jersey. 
Hindenburg Syndrome. (The team of 

oxygen-fueled automobile at Perris, California, in 1970, coined 
in a confrontation with the public and ) Another, equally
unjustified association stuff used in
hydrogen bombs. "

Although we, who have 

hydrogen safety, may view this , the public rela-

tions ' task to sell the general public 
ability of 
must ensure that environmentalists " who are 

effect on the siting of nuclear plants 
mission lines, do not take an 
pipelines and 

Let us look Hindenburg disaster of
1937 and put them into proper 

of the time foot-
long aircraft in just over I 
many spectators present 
witness description that is 
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The Hindenburg was 
helium from , and

the hand-operated valves for 

in place inside the hull, exhausting foot-high air 
to the top of the 

The Hindenburg had flown through a thunderstorm immediately 
approaching Lakehurst, N. 
before the fire to bring it 

fire occurred, a , thus

creating a 200- foot-high lightning arrester.

Today s safety regulations for 

. extremely hazardous publication entitled
Balloon and Airship Gases 4 published in 1920, 17 years before 

Hindenburg disaster, 
thunderstorm conditions, venting hydrogen , and

the danger of trailing wires 

Fire destroyed Hindenburg with its 
feet of 
does not get reported, however, is that 65 people on 

Their 
hydrogen: The fire 
the fireball of burning 
In comparison with today s major aircraft disasters , the Hindenburg

fire rates low in Hindenburg made 
Lakehurst and 8 to Rio from its 
accident is also not usually recognized.

In retrospect, that the Hindenburg would not have been destroyed if
it 
disaster and the hazards of 
in the light of 

The constant association of violent 
of hydrogen in any form remains, however. The 
hydrogen- rich manufactured gas as a domestic 
the U. , should be enough to 
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people of the reasonable 
everybody" knows Hindenburg contained hydrogen, remarkably

few people associate manufactured gas with 

Education Neces sary

An intelligent 
to " sell" the public on allowing 
and into its , but

it will be 
conversion of the present gas 

While the electric utilities 
hydrogen as a means of bulk , they are not 

astic about delivering 

rather reconvert it 
They may therefore 
safety grounds. 
the public relations ' work required to 

Some safe 
both the hazards and , one

can easily demonstrate , ignited in a glass

bottle, will explode harmlessly, 
mixture , when ignited, will violently shatter the glas 

The production of a 
dustry personnel would be a worthwhile task 

tion of educational and public 

would be useful. 

hydrogen in 

of confidence on the part of 
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CHAPTER 1

Introduction

Hydrogen, in both 
dustrial uses. Its extreme flammability, 
and storing hydrogen hazardous to 
hydrogen flame is nearly invisible in 
development of sound safety procedures is 
ance. During recent years much progress has been made, however
in reducing the hazards encountered in using hydrogen 
accelerating progress in hydrogen fire and 
tion. Improved 
ported by numerous Government agencies, industrial users, detec-
tor manufacturers, and research organizations.

Because hydrogen is both plentiful and useful, its 
and diversified use has increased rapidly in recent years. 

few decades ago gaseous hydrogen was used mainly in laboratory
experiments, to fill balloons, harden" fats and 
produce intensely bright 
was little more than a laboratory curiosity. , hy-
drogen is used in petroleum processing, hydrogenation 
welding and brazing, cooling 
tors and nuclear reactors, and production of 
chemicals. Hydrogen is also used in the laboratory . now for cry-
ogenic research, and in 
physics investigations. The growth of space 
extensive production and use of liquid hydrogen as a rocket 
pellant. In addition to these uses 
such processes as the rapid charging of storage 

electrochemical machining.
In all these applications the hazards attendant to handling and

storage are an ever-present problem. Hydrogen accidents continue
with damage ranging from no injuries and slight 
deaths and totally destroyed facilities. Hydrogen is highly prone to
leakage and, when mixed with air, it 
explosive and easily ignited mixture. The near-invisibility of hy-
drogen fires burning at leak sites 
personnel through unexpected contact with the 
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HYDROGEN LEAK AND FIRE 

heated objects. The Hindenberg dirigible disaster in 
dramatic example of the 
gen mishap.

Means of detecting hydrogen gas before flammable or detonable
mixtures accumulate, and promptly , are

needed so that appropriate action may be taken before damage is
done. Since detec~ion, in general, is based on sensing one or more
of a number of 
hydrogen fires, it is 
detection methods. A fairly broad 

commercially avaHable, and more are being 

For this survey, several sources of information were used. Per-
tinent literature was reviewed, and users and producers of hydro-
gen were interviewed in person or by 
fire and hydrogen leak detection practices. Visits were made to a
diversified group of facilities in which hydrogen was used or han-
dled. Finally, fire and leak detector manufacturers were asked for
information regarding their products.

The following industrial plants, NASA 
search laboratories were visited: Bureau of Mines, Explosive 
search Center, Pittsburgh, Pa. ; Langley Research Center, Hamp-
ton , Va. ; Lewis Research Center, Cleveland, Ohio; North Ameri-
can Rockwell Corporation, Rocketdyne 

Calif. ; North American Rockwell Corporation, Space Division
8-11 Santa Susana Operations, Santa Susana, Calif. ; Standard Oil
Company of California, Richmond , Calif.

Proctor and , Staten Island

; Union Carbide Corporation , Linde Division, Liquid Hydro-
gen Plant, 8acramento, Oalif. ; Dow Chemical Company, Midland
Mich. ; John F. Pennsylvania
Accelerator, Princeton, N. ; and Charles Pfizer Company, Groton,
Conn.

Other hydrogen users who 
cluded: Westinghouse Astronuclear Laboratories , Pittsburgh, Pa.
Shell Oil , Calif. ; Allied

Chemical Company, Morristown, N. ; Humble Oil and 
Company, Esso Bayway Refinery, Linden , N. ; Bell Aerosystems,
Buffalo, N.Y., and Hercules 
Utah.

The properties of hydrogen and hydrogen flame will be 
as background information for the 

niques. Some of the hydrogen properties given also indicate both
the usefulness and hazards associated with hydrogen. This review
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INTRODUCTION

of properties will be followed 
devices for detecting hydrogen and findings of recent research. A
similar examination of hydrogen fire detection will then be made.
In addition to , a bihliograpr.y of related
documents useful in the study of hydrogen safety and detection, is
included.
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CHAPTER 2

Properties of Hydrogen

Knowledge of the essential properties of hydrogen is required 
understand the principles involved in the 
in this survey. 

categories: (1) the physical and 
gaseous hydrogen, (2) hydrogen combustion 
the physical properties of hydrogen fires.

LIQUID AND 

Liquid hydrogen is a 
usually in contact with, or near, materials that are at 
tures above its boiling point, 
ever a liquid leak occurs. Hydrogen gas is , non-

toxic, and noncorrosive.
The physical and chemical 

described in numerous textbooks, handbooks on hydrogen (refs. 1,
2), an earlier NASA 
several hydrogen safety manuals (refs. 4, 5). An 
mary of the physical and chemical properties of hydrogen that are
pertinent to the nature of the hazards of 
is given in the appendix of the Bureau of 
on hydrogen safety (ref. 4).

Nature of the Leak Problem

Liquid hydrogen is an extremely low-temperature fluid. (Only
liquid helium has a ) Its low temperature

causes thermal contraction of 
ing incipient leaks and , at times, catastrophic failure of confining
equipment. The parts most liable to flanges,

connections, or joints of transfer lines 
drogen flows intermittently, resulting in 
cycles from ambient 
hydrogen). Even when lines are 
(boiling point, 770 K), the thermal shock is relatively large.

The small 
through air-tight seals and escape from systems that appear leak-
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free when tested with more 
liquid hydrogen also contributes significantly to the leak 
At its boiling point, the viscosity of hydrogen is lower than that of
most cryogenic liquids. Because leakage is inversely proportional
to viscosity, leakage of liquid hydrogen will be roughly 12 times
that of liquid nitrogen and 14 times that of liquid 
hydrogen also is particularly subject to leakage, being about twice
that of nitrogen or oxygen.

Because of the low molecular weight of hydrogen gas, it has 
very high diffusion 
open area diffuses to nonexplosive mixtures very 
500 gallons of liquid hydrogen in an unconfined area will diffuse to
a nonexplosive mixture in about one minute. This rapid 

however, makes leak detection difficult, 
gas will not build up at the leak exit. The 
further by the 

that of the ambient air, its density is 

density. Thus , the properties of diffusivity and 
very difficult to locate the exact site of a leak.

Properties Used in Hydrogen Leak Detection

Although hydrogen will react violently with strong 
such as oxygen, it is not , usually an
ignition source is required). As a result, 
hydrogen and air can exist in the absence of an ignition source.

Hydrogen gas can be 
ment at temperatures below the ignition temperature of hydrogen
and air. At present, this is the most 
used in commercial hydrogen leak detectors. The thermal 
tivity of 
small amounts of hydrogen in air will cause a significant increase
in the thermal conductivity of the gas mixture.

Palladium hag long been 

volumes of hydrogen. At 800 C and 
palladium absorbs up to 900 times its own volume with the evolu-
tion of considerable heat. When the palladium is in the form 
thin 
tion of the 
These two properties of hydrogen with palhidium have been stud-
ied recently under separate NASA-supported programs in the de-
velopment of specific sensors for hydrogen.

The difference in the refractive index of hydrogen from 
air has been the basis for another hydrogen leak detector. At 
and 760 mm of pressure, the refractive index of air is 
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while that of hydrogen is 
been used to detect small changes in refractive index. Other inves-
tigations based upon the 
and the fuel cell principle have been made recently.

Because of the continuing growth of 

aerospace and nonaerospace industries, it seems likely that efforts
to find accurate, specific, sensitive, and more reliable 
leak detection devices will continue.

HYDROGEN COMBUSTION 

The princip'al reason for considering hydrogen a 
terial is its flammability and detonability in air over a wide range
of conditions. Hydrogen combustion has been the subject of much
study. Lewis and Von Elbe s basic text (ref. 7) 

ough summary of combustion phenomena, including some data on
hydrogen combustion. References 7 and 8 are 

tions which concentrate on hydrogen 
erences 4, 9 , and 10 contain 
the combustion hazards of hydrogen in air.

A mixture of hydrogen and air may be ignited in several 
and the resulting flame may propagate in various ways. The condi-
tions affecting the ignition characteristics include: contents of the
gas mixture, temperature, pressure, geometry of the 'surrounding
walls, ignition energy and, in some cases, gas velocity. Such condi-
tions determine whether there will be no ignition, a stationary

flame at a source of hydrogen gas , a deflagration through a volume
of gas, or a detonation. Ignition sources may be a hot solid 
flame or other hot gas , an explosive charge, or an electric spark.

Combustion can propagate through a hydrogen 

ther as a deflagration, a deflagration which grows to a detonation
or as a detonation from the start of ignition. (A 
flame propagating at subsonic 
duces a shock wave propagating at ) In a

confined space, a deflagration can raise the 
factor of 7---enough to cause 

tion can cause a very rapid rise in 

times the initial pressure (ref. 4). Either of these 
be accompanied by a sound (sometimes very loud), 
explosion" is applied to both processes. "Flammable" applies to

a mixture in which any type of combustion can propagate.

Flammability Limits
Hydrogen has a wide range of 

being exceeded only by 
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usually recognized upper and lower flammability limits for hydro-
gen in air saturated with water vapor at ambient temperature and
pressure are 74 and 4 percent hydrogen by volume. The 4-percent
hydrogen concentration point is 
(LE L) .

Flammability , temperature, and
the presence of inert 

atmospheric, the range of flammable 

about 5 atmospheres, then gradually widens as the pressure is
raised (ref. 8). As the pressure is lowered, the limits of flammabil-
ity narrow , 13). Raising the 

widens the flammability limits (ref. 12).
The addition of inert gases to hydrogen-air mixtures narrows

the flammable range in a manner 
Compared to the , nitrogen and 
dioxide are less effective in reducing the flammability of hydrogen
in air. For instance , the fuel-lean limit is hardly 
tion of up to 60 percent 
oxygen raises the fuel-rich limit. The rich limit of 
pure oxygen is about 96 volume percent 

r:/ame Speed

Flame velocities in hydrogen-air mixtures are given in refer-
ence 8. The maximum velocity is about 300 cm/sec, compared to
about 40 cm/sec for methane and propane.

Ignition Energy

The energy required to ignite a mixture near the 
ratio is quite low, but increases as the flammability 

approached. The minimum ignition energy required increases as
the pressure is lowered (ref. 8). This 
that required to enflame 
charge which can hardly be seen or felt can ignite a hydrogen-air
mixture (ref. 9). The 
contributes to the burning of 
though no ignition 
unflared hydrogen vent stacks often ignite. It is 
small discharge of static electricity is usually responsible, but this
has not been conclusively proved (ref. 14). 
perature is quite high, about 1075O , compared to 
F for most hydrocarbons.

Detonation Limits

The range of detonable mixtures of hydrogen in air is 
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percent hydrogen by volume. Therefore, not all 
tures are detonable. 

pendent upon conditions of 
when the mixture is 
strong, there are confining walls, and the flame path is long. Even
partial , for example, by four walls, can
allow initiation of detonation (ref. 4). 

quite violent and destructive, and numerous examples of the dam-
age that can be done are given in the literature , 15 , 16).
Detonation velocities are shown in reference 8.

Quenching Distance
When the dimensions of a passage or 

gas mixture become small, the heat transfer and/or active 
loss can become great enough to prevent propagation 
When a gas mixture has a , pressure, and

composition, a 
smaller than some minimum size, which is 
distance. This distance 
but apparently not on the nature of the 
measurements of quenching distance are for 
between parallel plates. The 
hydrogen concentration and pressure is illustrated in reference 8.
By comparison , at atmospheric pressure, the minimum quenching
distance for hydrogen in air is 0.06 cm , and for propane in air it is
2 cm. The quenching 

temperature.
These results are applicable to flame arrestors or flame traps 

stop a flame from passing from one place to another. It is 
importance to have adequate flame arrestors in 

ment operated around a flammable hydrogen-air mixture. This has
been a problem with some leak detectors having flame traps 
were acceptable for hydrocarbons but not for hydrogen; they can
serve as ignition sources, an obviously dangerous 

practice, workable flame 
smaller than the minimum , because there may
be a large pressure gradient driving the flame and hot gas toward
the arrestor. Fine mesh 
bon-air flames, but the 
Sintered metal , particularly bronze, has been found fairly effective
as a flame stopper without greatly impeding the flow of gas (ref.
4). Whether any screen or porous metal practical for leak detectors
can fully stop a detonation 

quenching also apply to explosion-proof electrical equipment (in-
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eluding fire detectors), which must be 
have close-fitting covers so as not to 
gate from inside the equipment to the outside (ref. 

PROPERTIES OF 

Hydrogen fires and 
by which they may be detected. They have fewer observable char-
acteristics than fires involving hydrocarbons, however, and this
limits the choice of sensors for hydrogen fire detection.

Flame Temperature

Hydrogen burns in air with a 
perature to that of most 
percent hydrogen in air, the temperature is , compared
with 34000 F for methane, 35000 F for propane, and 42150 F for
acetylene. A diffusIon flame, such as that occurdng at the site of a
hydrogen leak, burns at about 
tive figures indicate that 

well for hydrogen fires as for ordinary fires.

Smok.e and lonizat;on

Pure hydrogen 
hydrogen-air flames is several orders of 

that of organic flames, 

(ref. 17). , in fact, that it is
extremely difficult to measure, and can be ruled out, at present, as
a detectable flame property.

Noise

Stationary flames on open burners produce some 
Except for , such as in jet engines, there

has been little study of this 
premixed and diffusion 
increases enough to cause turbulence, and the noise of a 

mixture is greater than from a jet of an 

Optical Radiation

The total electromagnetic radiation emitted from hydrogen-air
flames is lower than from many 
about 10. Values of emissivity (ratio of emitted radiation to that

of a perfect radiator, or blackbody, at the same temperature) have
been given variously as 0.01 to 0.1. These variations probably
result from different 
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atmospheric absorption of the radiation, and different estimates of
flame size and temperature (ref. 9). , the total heat

radiated by hydrogen fires to 
cantly less than is radiated from other , more familiar fires.

For purposes of fire detection , a more important 
than total radiation is the spectral distribution of the radiation;
that is , the amount of radiation emitted in the various wavelength
regions of the electromagnetic spectrum. 

from pure hydrogen-air flames comes almost 

kinds of molecules , OR and R"O. These molecules emit ultraviolet
and infrared radiation, but neither emits appreciable visible light.
The visible light from hydrogen 
ties, particularly 
seen if the surroundings are quite dark: but 
illumination they can be seen only by variations in the 

light or "heat wave." Even when the , or
when it contains , hydrogen fires often cannot be
seen.

OH Radical Radiation. The hydroxyl radical , OR, is a 
lived intermediate product in the combustion 
emission is in the ultraviolet. OR emission is in the form of bands,
that is , collections of spectral lines. There are seven principal OR
bands with heads at wavelengths of 3428, 3124, 3064, 2875, 2811,
2677 , and 2608 A (1 A=10-111 

3064 and 2811 A, and are 
flames , this radiation appears to arise mainly from thermal excita-
tion, and is 
zones of hydrocarbon 

from the reaction zone, and disappears almost immediately when
the flame is extinguished , although the hot gases still remain. The
appearance of these OR bands on the 
discussed in reference 18. A low-resolution spectral scan of rela-
tive intensity vs 
little data are 
flames between 2000 and 2600 A (ref. 20). 
tral distribution is useful for fire detection 

distribution of radiated energy. If the ultraviolet 
detected, this spectrum can serve as 
spectral response of the sensor or sensor-filter combination.

A quantitative measurement of the power radiated from hydro-
gen flames in the ultraviolet is necessary to specify the size of the
flame that can be 
detector. For fire detection, the radiant , the
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power radiated into a unit solid 
The power incident upon a detector or its collecting optics can 
calculated for a given size of fire at a given distance, if the radiant
intensity is known. Measurements of ultraviolet radiant 
from hydrogen-air diffusion over the spectral range of 
4000 A have been 
burner sizes and a range of hydrogen flowrates have 
mined. There is no 
distances used to specify the response of fire detectors.

The ultraviolet emission from hydrogen-air diffusion 
has been studied as a function of ambient pressure (ref. 19). 
has been determined that the 

creases as the pressure is lowered. At about 60 mm Hg, it is over
three times its value at 
sity then drops rapidly from 

O radiation. Water is the final combustion product of hydro-
gen and air. Almost all its 
region of the spectrum , with some very faint bands in the deep red
part of the visible region. The H2O bands of interest in fire 
tion occur at about 1.4, 1.9, and 2.7 microns (1 micron 
m). Other H2O radiation bands are located at about 0. , 0. , 0.

, 1.1 , and 6.3 microns. The bands are fairly wide and generally
do not have well 
wavelengths are only approximate. The intensity 
wavelength up to 2. micron band, which is by far the 
band in the water spectrum. The bands extending 

infrared are , at present, are inconveni~nt to detect

(detector considerations). 
21. (It should be 

atmosphere also absorbs part of the radiation in these bands. This
will be discussed in the chapter on hydrogen fire detection.

The radiant intensity of a 2- to

-micron range is 
reference 
from atmospheric pressure 
creases steadily 'as the pressure is lowered further.

Time-varying radiation. Another important 
optical emission from flames is the time-varying 
light output from 
but is modulated at a set of 

flame parameters. This time-varying component, analyzed for fre-
quency, is discussed in reference 13. These plots of signal ampli-

tude vs frequency are variously called ac spectra, modulation spec-
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tra, or flicker spectra. The data were 
tape-recorded output from an 
viewing the various 
quency content of infrared and ultraviolet modulation spectra has
been observed. This time-varying component of flame emission can
be used as a basis of discriminating flame 

emitted by nonvarying sources. However, expected output levels of
this ac component are not well known for various 
might be encountered. There is both a lack of 
and little understanding of flicker 
dependence of frequency and amplitude upon various factors such
as rate of flow, burner size, gas composition, and ambient pres-
sure. Another way in which radiation 
played by hydrogen-air 

mixture, its emitted radiation increases rapidly with time.
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Appendix VIII- B. Regulatory 
the Distribution of 

Table VII- Bl summarizes 
build hydrogen 
hydrogen. The 

size, service pressure, and temperature 
functional requirements, design details, and manufacturing methods are
then established around these 
tions cover the required operating procedures 
ment of 
provide basic , performance, and
operating characteristics for s property.

Applicable use of these 
contain and distribute hydrogen.

Table VII-Bl. REGULATORY 
FOR DISTRIBUTION OF 

Distribution Equipment Shipping Installation
Method Specifications Regulations tandar ds

Liquid Cylinder TCG TCG 173. 316 NFPA 
Liquid Trailer ASME/(Ref. CGA 341) Special Permit
Liquid Tank Car TCG 173. 316 TCG 173. 316

Liquid Customer ASME NFPA 
Station

Gas Cylinder ASME/TCG 178. 36- TCG 173. 301 NFPA 
Gas Cylinder ASME/TCG 178. 37- TCG 173. 301 NFPA Trailer

Gas Pipe Line ANSI B31. 8 DOT T i tIe
Part 192

Source: Martin, F. A.

, "

The Safe Distribution 
for Paper prepared for 
society Energy , San DiegoSeptemper 
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IX. CONVERSION AND 

Introduction

At the outset of this 
gas industry would be converted 
useful for the " scenario l' and to 

problems of , we know 

sible to carry out 
industry. 
discusses some of 
proaches to bring 

Problems of 

Some of 
immediately come to mind are 

Almost every 
operation and will have to be changed.

Many metering devices will be 
required.

Hazardous conditions may exist for 
natural gas.

Sufficient hydrogen generating capacity 
brought on- line.

Enormous 
produced.

And so on....
All these 

changeover. 
Mixed- Gas Approach

Rather than change from 
gestions have 
smaller, acceptable steps by using mixtures 
ing interim periods. 

IX-



One problem is that 
properties of hydrogen , burner design would have 

modified, even 
show how much hydrogen could be 
to be changed and how 

complete transition. tol-
erance" to hydrogen, so 
each company s area will have to be 

The other problem is that 
value of hydrogen , the problems 

be immense. 
volume , it will be 
thus a given , for a , and carry 

10010 meter reading 

These are not , but require 

Clearly, from 
quality changes, preferably only one , should be made. 
production point of view, a gradual s almost ade-

quate natural gas supply to a completely adequate 

be preferred.

More practical 
sections.

Local Area Approach

To achieve the s ideal of one once-and- for-all
change from methane to hydrogen, we can 

at a time and carrying 

at the actual time of change, 
hydrogen is available. To avoid 

local areas , also easing the conversion

problem.

Such a changeover in the reverse 
more recently in 
availability of natural gas, hydrogen- rich town gas was 
to natural gas was 

IX-



local area Many lessons learned in 

conversion programs, which were accompanied by , would

be applicable to the change to hydrogen.

There are two very important differences , however, between the 

in the U. , hydrogen

will be universally 
generation plant and will not be limited to 

new wells or transmission 

greater "geographic" freedom , but 

in turn will require policy. 
mobility of families has increased , lead-

ing to vastly increased 
ferent locations. Again, these are not insuperable problems , but require

advanced planning. 

or mixed gas to , many 

were commonly 

In converting an area 
ation of the 
feeds and sectionalizing 

to hydrogen, prepar-

necessary, 
divide the area into

workable sections of 
plete the conversion of that 
preparation, inconvenience and hazard 
part of the preparation, all 

should be replaced or repaired.

Ideally, 
about by equipping new premises or 
system. If Minnesota Experimental City" is
built, great 
porated into it 
large "new city" , urban overspill, or

rehabilitation projects nucleating

the hydrogen economy. nuclei'! will tend to 
together.

, , ; ~ ,

IX-



One can probably imagine the northern part 

to hydrogen first, while the southern and western 
their " local'l fossil fuels. front" would 
southward as converting 
the wellhead or 

Power Transmis sion" Approach

As an , with 

resultant impact man in , II we may consider the 

version of some , whose consumption

, is 
established pipelines and large 
customers and ultimately to private users.

The most attractive 
electric 
problems of power plant , and pressures

to go "underground. II 

of hydrogen at remote , together with

oxygen if it , can be brought 

underground pipes. 

power stations, using 
such a system would be established, hydrogen- generating capacity could
be increased so that customers for hydrogen along 

could be 
more customers, and 
up to it. 

ation between the gas 

This , however, seems 

to occur at 
the hydrogen energy transmission concept 

learned of the enthusiasm 
utility , Southern 

a study carried out by General 

Studies, Santa Barbara) on 
Public Service Electric & Gas 
interested in the subject, using Professor Tanner 

IX-



adviser. 
trolyzer and a Pratt & Whitney 15 kW range. 

Utilities has 
working with a 

Therefore, 
be taken by 

part of such an 

in the construction, ownership, and 

of the generation plant as 

Appliance Conversion

To burn hydrogen in 
requires modification of almost 
burners in 
systems from manufactured , the problems

when converting in the 

When converting from a high-hydrogen manufactured gas to natural
gas, most burning
characteristics of natural gas. , measures had 

taken to reduce port velocity 
Usually the orifice was 
provide proper Btu , or 

were drilled to type burner was

replaced by its natural- gas -designed 

In converting from natural gas to hydrogen, the port sizes or 

must be reduced 

burners are almost all 
tion 
difficult to 

Many modern house-heating and water-heating burners 
port burners equipped with flame spreaders or 

flame. , because , could be 

ularly troublesome because 
because of the high flame 

IX-



A general 
to one capable of 

require a great amount of experimental and development 

the results of this , an approximate

estimate could be of a) the 
ized with only minor field , b) the 

which new parts , c) the 

would justify major 
verted or that would not justify 

One suggested conversion 
universall! replacement burners that 
equipment. The 

but the , connection to 

and ignition 
in existing appliance design.

Another plan would be to have the manufacturer of 
supply the required parts. 

were preparing to 
special runs of 
Complications of 
cost of installation as well as 
the value of the appliance or of a 

If the 
enough "lead" time - such as IO years 
be specified to 
For example, range burners 

between the burner head and base 

ports to enable the burner to 

drogen, this ring would be 
designed for hydrogen. lead" time would be necessary to
ensure that most of 
type when it , previous exper-

ience has shown 
in use.
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A relatively minor problem, yet one 

lies in the 

now equipped with 
burner. For , atmospheric pressure must

have access to 
are commonly 

diaphragm would be limited to 2 CF /hr. 

however, would allow 4. 6 CF/hr 
this , yet an ap-

propriately smaller sized vent would be 
solution might be to use 
allow free 

regulator is opening, but which 

gen to I 

Industrial burners 
sume that the burner 
the associated heating application. 

flames that release their 
plications require 
heat by flame radiation while 
refractories. 
wide range of , precautions must be 
vent damage to burner 

drogen flames.

Special attention must be 
ness of 
ing the propagation of 

methane. 
used as flame arrestors for hydrogen 

Special studies must also 
heat but the pressure of 
of electric 

of hydrogen be taken to 
determine the performance on 
the most 
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In changing a system from , modifying a well-

designed and installed house-piping system will probably 
Calculations show that for 

produces a pressure drop of I , the pressure drop when 

an equal heat load with hydrogen 

piping systems 

The existing gas meter, being a volumetric-type device, would not
be adequate since over 3 times 

to supply the heat energy of one 

must be 
operating at 

Service regulators as 
far as capacity and pres 

may need investigation pressure relief 
frequently, under 
tion, dirt and 
mally this 
of the low energy required , a pos 

static or 
tion and fire.

Ignition devices of all types 

One precaution that 
sure that 
couples or pressure-actuated elements.

If the 
that may 
ies, thought should be given to 
a group under 

The many benefits to 
tools, more expertise, and 
less of the quality of conversion, the local gas 

certain to experience 
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Pipeline Conversion

Existing pipeline materials are 
lines may 
range as designed for 

modified, however, a very 

will occur because 

If we carrying capacity of 
line, both the 
raised. compressor capacity alone, using the 
would allow 56% of the original 

We must realize, however, that the location of existing trunk pipe-
lines 
that the 
thermal rejection , and 

coastal or offshore , however

because they are , would be 

the 
economically justified.

Because of the capital 
it 
tions on or close to 

Conversion of pipelines to hydrogen, therefore, will require an 

vidual, custom-design for each case. 
obstacles. The 

Section IV.

Conversion of underground storage from 

sents a novel and unique problem. 
cushion gas must be , mixtures 

hydrogen and natural precedent for
such conversion is at the , operated by

Gaz de France. 
gas by a sweeping 

of depleted gas- field storage, again a sweeping 
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but some form of 
be required for several 

Reference Cited

Bresson, H., " Underground Storage at Beynes and Saint 
Paper No. IGU jA24- presented at 

Conference, Moscow, 
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ALTERNATIVES TO THE HYDROGEN 

Intr oduction

We have discussed the merits 
system in 
being developed, or that would have , to provide our energy

needs into the 
the merits of hydrogen with these 

The generation 
to grow rapidly. First, we oppor-
tunities in transmis sion 

We also 
hydrogen, which might be 
two classes: ammonia, which does not , and

alcohols or hydrocarbons, which 

Lastly, we will 
fuels and the political 

The , and 

the subject matter of 
dealt with on a basis 
of alternative 

All-Electric 

Generating Capacity and Location

The latest figures released for 
show that the total , 353 MW
and operated at an average load factor 51. 
that the average plant operates for only , giving a 

generation over , 529, 581 million kWhr. 
capacity and electric 
7% /yr and are projected by Edison 

although trends in 

rate of demand.



Power stations are 30- 4010 efficient. The "heat rates , II

or 
the newest fossil stations12 are 

years ago because 

An average figure of 34. 4% efficiency is reported for 
fuel stations. At present, the :maxi:mu:m te:mperature of a nuclear 

is lower than a 

of new nuclear 
about 13 Moreover,

since a nuclear plant produces all the waste heat 
be discharged as 

of a nuclear plant being about double 

In round nu:mbers , then, a 1000-MW electrical 
will produce about grade heat as a waste 

technical develop:ment substantially alter this situ-

ation. Even te:mperature breeder reactor 

tion of fusion reactors are 
region of those of conventional 

This heat-release proble:m creates 

nuclear (and 

for licenses at the , Illinois, plant of Co:m:monwealth Edison

and Iowa- Illinois 
in obtaining operating licenses for a , even in

a re:motely located plant. 

with possible 
the unpredictable , over

130 :miles away. 
charge heat into inland 
is to build cooling towers, 

of high-quality water, and are , we 

that the future trend in 
away fro:mpopulation centers, and possibly in 



Transmission Requirements

General 

A direct result , together

with the increase in generation 

ment for 
mitted over average 
lines similar to those 

New developments in , which

promise to , which promise 

unsightly, yet far 

superconducting underground lines, which promise 
than conventional , but 

overhead lines. These 

much of this material 
(FPC) report The Transmission of Electric . 15

Future of Transmis 

The FPC' s discussionIs on the future of 
that " there will be no 
plants, such as , which would allow an 

omically generate its own electrical 

The FPC report15 goes on to This assumption is based on 

best knowledge and scientific 
a basic premise that , central generating 

tions supplying ever- increasing loads will 
further development of 

United States will be 

reliability 
As a result, the need for 
creasingly larger amounts of 
major 

In view of the 
in scenic values, the need for underground transmission 

more 
mission today is 



under grounding is , under 

of very high right-of-way costs for overhead transmission, or for unusual

environmental 
certain , the electric 

and accelerate its 

systems. In 
of electric , there will continue to be 

areas where 
ground will be neither economical nor 

The present trend toward larger 

expected to continue into the future for most, , of the next twenty

years. To , the economies 

nounced with nuclear , fossil-fired

units. This means 

ating capacity is , the average 

units being installed by the 
is bound to increase 

growth in demand, resulting in each of , or groups

of systems , being able to 

erating units, and 

utilization of available plant sites 

of generating capacity at each site.

Given the continued trend toward larger 

the trend toward stronger 
likewise continue in an effort to- day operating reliability
and to minimize required installed 
result, the interdependence 
tinue to increase during the 

Alternating- Current Overhead Transmission

The actual costs of S. in

1969 are shown in I. 
higher costs of right-of-way, , founda-

tion problems, and other 



Table X- ACTUAL a-c 

NOMINAL 500 KV AND 700 KV

COST PER MI LE
Conductors R/W and C1 ear. Line Constr. Tota

EASTERN AREA - 500 kV

2 - 2037 ACSR $30, 700 $ 80, 800 $111, 500
2 - 2493 ACAR 13, 500 128, 500 142, 000
2 - 2049 5005 16, 700 85, 800 102, 500
3 - 971 ACSR 12, 400 65, 300 77 , 400
4 - 583 ACSR 10, 000 95, 500 105, 500
2 - 2032 ACSR 17 , 000 98, 000 115, 000 (1)
2 - 2490 ACAR 20, 000 142, 000 162, 000 (1)
2 - 2490 ACAR 59, 000 272 , 000 331, 000 (1)(2)
2 - 2500 ACAR 22, 000 118, 000 140, 000. (1)
3 - 954 ACSR 12, 000 95, 000 107, 000 (1)

CENTRAL AREA - 500 kV

3 - 954 ACSR 84, 200
3 - 1024 ACAR 24, 000 95, 600 119, 600

WESTERN AREA - 500 kV

2 - 1780 ACSR 100 72 , 200 79, 300
2 - 1852 ACSR 82 , 000
2 - 2156 ACSR 25, 000 93, 900 118, 900
2 - 2156 ACSR 000 124, 000 126, 000 (1)(3)

700 kV

AVERAGE OF 735 kV
AND 765 kV LINES 18, 700 146, 300 165, 000 (4)

(1) Latest data - other data prior to 1969.

(2) Line near urban center.

(3) Desert construction.

(4) Includes line sections built over 4-year span.



To derive a cost , the energy-carrying

capacity of a given line 
the capacity of a line of given voltage 

Nevertheless, the , reproduced in Figure

, from which we can kV line 
900- 1200 MW over 200- 300 miles, which we might 
distances today.

...

t-I

..I
ria
:z:
t-I
...:I

1.0

Nominal Number & She Su rge Charging
Line 0 f ACSR Conduc tors Impedance '/:VA Per

Voltage Per Phase Loading 100 Hi 1eo

'/:V mcm IGI

230 954 132, 000 27, 000
230 1-1. 431 138 , 000 28 , 000
345 1-1, 414(1. 75" EXP. 320, 000 65. 000
345 954 39a, OOO 000
500 2-1. 780 830, 000 170 000
500 954 910, 000 190, 000
700 954 870, 000 388, 000
700 272 880, 000 393, 000

400 500 600100 200 300

LINE LENGTH IN MILES IIlTH NO SERIES COMPENSATION

Figure X- I. TRANSMISSION 
IN 

. If we consider 
of this value.

then the power 

Because of , we must

consider an additional cost factor. 

to require a redundancy 

though this varies greatly 



Without the redundancy factor, we can 
costs for 500-kV lines are , OOO/mile , or $ O. l4/kW -mile, cor-

responding to 41 
approximate up to 20% 
Much of the los 
corona discharge in 
weather 
phase mile in 700 kV line class present 
foul-weather corona losses are about 500 phase mile at
the same 
energy capacity cost penalties. 

duces audible noise in 

in some areas.

The FPC report15 goes on to say, "Since the publication of 
National Power , the appearance of overhead 

both distribution and transmis sion, has been a 

public in 

underground lines, and, for , much 

done on underground cables.

While the industry has been 
lower , there has been no 

on the cost of 
research projects 
transmission facilities, but 

major results are 

Realizing that it 

facilities to , the

Edison Electric 
Council, sponsored a research 
overhead transmission facilities. 

of utility 
design transmission structures from 
employed an engineering firm to 

designs. 
lished entitled "Electric " which is 

through the EEL



~ny J transmission sub-

stations, which 
centers, generally at 
satisfy electrical 

signs which provide service reliability, 
maintenance, and reasonable , a 

is a collection of varied shapes, multicolored equipment, and 

highly identifiable with .the utility 
ing with its 

Figure X- ELECTRICITY TRANSMISSION SUBSTATION



With transmission , and perhaps

increasing to 1000- 1500 kV in the future, substations have physical par-
ameters which have become , if not impossible 

camouflage. It is 
head transmission lines 
presents the most difficult 

The practical 
substations are through judicious site selection, improved 
signs, materials and shapes, the appropriate use of colors , landscaping,

and possibly some 
connecting lines is 

acceptable. 

Direct- Current Overhead Transmis 

The FPC repores states

, "

Modern HV dc transmission is 
still , installed

between the Swedish mainland and the island of , carried

only 20 , between 1960 and 1970, eight additional 

have gone into service 
78 MW to 
capabilities are 2J lists 

on the lines 2J reveals, a long

overhead dc transmission line (Ce1ilo-Sylmar) has been 
the United States. 

Parameters of this order 
transmission lines , if they are to be 

of the initial cost of their , other factors 

override the 'break even distance ! concept and 
overhead dc transmis sion lines at 

Economic considerations will 
wherever very 

economic considerations will also 
lines. In such instances, the voltage ratings 

::1:500 kV 



Table X-2. HIGH-VOLTAGE DIRECT-CURRENT POWER
TRANSMISSION PROJECTS IN COMMISSION

OR UNDER CONSTRUCTION

Date Vo 1 Length of Route (Miles) Power
Line Transmission

COnEi ss i on Ground Cable Total

PROJECTS IN COMMISSION:

1954 Gotland-Swedish Mainland 100
1961 English Channel :1:100 160
1963 R. (Volgograd-Donbass) :1:400 295 295 250
1965 Konti -Skan (Sweden-Denmark) 250 102 250
1965 New Zealand :1:250 360 385 600
1965 Japan (Frequency Changer) :1:125 300
1967 Vancouver Island 130 17. 25.
1967 Sardi nia- I ta ly 200 73. 185 258. 200
1970 NW-SW Pacific Intertie :1:400 846 846 1440

PROJECTS UNDER CONSTRUCTION:

1971 Nelson River-Winnipeg :1:450 600 600 1620
1971 Kingsnorth- London :1:266 640
1972 New Brunswick Asynchronous Tie 320

Dc overhead lines which must 
likely to be limited to 
stances maximum design levels for 
voltage. 
cates that operating voltages of 

Costs of overhead lines, ac or dc, vary widely due 
labor rates, and other 
construction, comparative 
cases in which 

tions, dc overhead 
the cost of a 

to- ground of approximately to-phase voltage of a
comparable ac line 

The power transfer 
thermal 
long, the resistive voltage drops, and 

may also , the conductor 



normally be limited 
ations, and the 
of the converter , the

capacity of the link 

the ac buses at 

The same system 
can be safely 
However, the dc line, when 
an insulated ' neutral' conductor, can operate at 
pole conductor , for most 

switching surge over-voltages, or conductor 

capability 

In the 500-kV potential range, the fair-weather corona 
dc line is of the 
a 3-phase line. The 

order of five 
where foul-weather 
value.

Fundamentally, the transmission of power by direct 

several characteristics which 
of these characteristics are obviously instrumental in reducing the cost

of transmission.

The economic effects of 
indeed, may have 
these characteristics 

Some of

The construction of the transmission line
is les 

overhead or underground,

At present, for comparable rated lines, the transmission losses are
reduced.

Dc transmission 
reactive charging.

The transfer of 

Modern dc lines circuit capacity
of their receiving buses.



The asynchronous nature of 
tions.

Dc transmission terminal 
expensive than their ac 

With regard to item However, the
cost of a dc transmis sion terminal will generally be in 

to $ 30 per , may go This
cost does vary as an inverse 
transmission 
When this difference 
the pos sible savings indicated in items 1 , 2, and 3 above, a concept of

break-even 
lines of Table eX-21 
ing on the terrain, labor rates , and other factors , but 
to be between 20 and 50 miles 

400 and 1000 miles for overhead 

service in Table CX- 2J six include considerable 

cable as part or all 

Frequency Changer (listed in !X- 2~ has essentially , and

dc was chosen 

of different frequencies. Donbass overhead line is 
295 miles long and is considered as a 

longer, transmission schemes.

Underground Transmis sion

The FPC report15 continues

, "

Historically, the 

power systems has been 
head lines for 
for this purpose 
in extremely congested 

mission , the technology for overhead

lines has , while the technology for 

equivalent capability has generally lagged, and 
transmission has been, and remains, much 

circuits.

In the United States , the cost 

power transmis sion lines 



Many factors , and 

velopments may be effective in , and, in urban and suburban

areas , the rising cost of 
will provide , the 

and since as 60'10 of underground transmission costs 

attributed to installation labor, the prospects for major 

ratio are not encouraging. It 
sion will continue to be dominant, with underground being used in 

instances where 

In April 1966, the Federal 

underground power transmission which 
of-the-art and included 
prospects for their 
sion in this report will accordingly 

cate trends based on 

There are two principal 
transmission 
the pipe - type.

Each phase of a 

over a ~ube insulated by oil-impregnated paper and protected by a 
aluminum sheath. The pres sure
to prevent voids from 

In the case of pipe-type cable, the phase conductors are 

segmental, have an impregnated paper insulation, and are covered with
a combination of metal and 
of these ~onductorsl are pulled 

gas under a relatively 15 atmospheres.

The pipe -type cable is inherently 
in longer pulling lengths, resulting in fewer 

These characteristics 
cables. As a 
as shown 31 It 
tion of pipe-type cable to be operated at 345 1964

in 9 miles) in 
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The technological and 
high-voltage pipe-type cable are well 

tion from 

With currently , the 
losses increase rapidly with increases in 
For a 345 kV , dielectric los 
can run as high as 26 watts per circuit 
the total permis 
per meter, not R losses
in the conductor. transmission
capability of the 345-kV system is 
the 69-kV system. In , a 
of voltage operation would increase capability 



At 345 kV, the average kV underground
circuit in a , 000
a km as , 000 a km for an 
but the overhead 
twice that of the 
In addition to the line cost, the underground 
require $ 3 , 760, 000 for 
not needed for overhead, so 
kilometer would be $1 , 050 for 
overhead ($1 , 680 and 

A third , now 

synthetic insulated cable. linked
polyethylene, and ethylene-propylene rubber are now 
138 kV and are 

One of the most important factors limiting 
ground power cables is large
percentage of the research presently under 

Some of this research is 
pressure oil- filled cables. lI'hisJ project investigated 
techniques applicable to presently used pipe- type cables , actual cooling

systems, and the economic 
this investigation are 

A five-year research project 
extra-high-voltage cables was recently 
Institute by the Illinois 
insulating materials 
insulation has , a 
material could be prepared as a film and slit 
the same impregnated paper insulation 
surized with a liquid or 

build-up of paper
which would be made 
to permit impregnation with a compatible 

Two of the urgent 
of 500-kV cables 
cables. These 

research project 
is being conducted at a 



approximately $ , Pennsylvania. The 

Mill research 
test 
Tests will be conducted on , as well as 

oil and paper-oil thousand foot cable samples will be
energized and loaded at rated 

ulate various ambient 

Through the Edison Electric Institute, 
is sponsoring a research 

to determine insulated concentric lines 

known as compressed 

For the current and 

of power underground, concentric metal tubes 

gas , such as sulfur-hexafluoride 
ise. The compressed 

negligible dielectric losses , good heat , and high

thermal stability. 

high voltage, high power 

The first 
1970 on the system of 

underground link is , 350 amperes

at 345 kV 
problem in kV circuit has 
station. This 

useful data to further the 

it should be noted foot length of cable, entirely

on the property of 
es sary before 
of this cable on public rights 

Cryogenic Resistance Cable Transmission

The FPC report15 further states

, "

Another method of high 

high power, underground transmission 

tion utilizes resistive 
operate at extremely low 
range. 



of the conductor to increase 

expenditure required for 

designs that are under 
which may be 
most economical in 
of two designs will have 
Assuming successful , with no prohib-

itive , resistive cryogenic cable 

be available commercially 

Conceptual designs for 

which the cryogenic fluid (liquid 
an impregnant for a 

tapes, another design in which 
and a design in which a 

the first instance the cable 
would be pulled into 
are filled 
ible cryogenic 

the insulating medium, spacers are required 

within the containment pipe. 

cable s.

Preliminary research carried 
Underground Transmis sion 
candidate for succes 

cable.

Another separate research effort 
with a high voltage 

fully successful, it 
would be in 



Cryogenic Superconductive Cable Transmission

The FPC repores continues

, "

Superconductivity refers to the phen-

omenon where the 

peratures. , it refers to operation at

the temperature of liquid helium, in the range 

superconducting cables is 

tically zero 
the ac 
Also, superconductors can 
and consequently have very large power , say, up

to 10, 000 MV A 

There are a number 
cables beyond those of resistive 

the ac 
current, and magnetic 

stability are also 
to date indicates that a continued 

warranted. Such , ex-

elusive of test facilities 

pose), and would extend over a period 

therefore, that superconducting 
applied before the late 

There are 

conducting cable. 

of a superconducting cable are 

minimize heat leak, material requirements, and induced 
and 
requirements and to provide for 
coolant.

The magnetically- induced electrical los 
rounding the active superconductors with a superconducting 

fine the 
minimum number of solid 
as the only 



The nature of 
to a thin surface layer, and thus only a small volume 

quired for the active conductor and the , material

economy, and the desirability 
configurations.

Niobium is the preferred material 
it has 
low los 
gauss (a level which, if exceeded, will cause the material 
an ohmic 
However, the use of pure niobium as 
superconducting cable would be hazardous; in 

causing it to switch sufficient
heat would be generated to 

tingencies, some layer 
tion requires electrodepositing the layer of 

If the , the copper 

the preferred current path, and power 

long as the added heat can be 
ible layer titanium
alloy 
strate. Then, if a high magnetic 

normal state, the niobium- titanium layer which 
will carry the 
will recover its superconducting 

normal 

The terminals of a 
thermal problems. 
rent superconductor 

The thermal problems stem from , from
near , over a 

conductor.



The probable cost of 
varies considerably with 

costs, based on , are shown in 4=.

r\ 
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Figure X-4. SINGLE AND 
SUPERCONDUCTING CABLE SYSTEM 

These curves indicate a lower 
systems and point 
mitting circuit

systems depends strongly 
demanded of the circuit. Thus, curve B 4 J, which 

10010 rated capacity with one , is considerably 

than curve C, which assumes 

parts of 
The 4J as sume 

systems for each circuit; 
were used jointly;.



Figure X-4 indicate , 000 MW ratings
will be about , and these 

firmed by Linde ll 3 is
taken.

Table SUPERCONDUCTING CAB LE SYSTEM BREAKDOWNll

Line voltage , kV 138 230 345
Total expense , $ per mVA mile 1720 601 307 201

per mile per mile per mile per mile
Conductors and shields 70100 147000 14' 290 000 20' 558 000 26'
Cryogenic enclosure 177 000 24' 260 000 25' 369 000 25' 503 300 23'
Helium 13300 . 1' 42 500 106 900 227 000 10'
Terminals (5-mile spacing) 30 000 40 000 50 000 60 000Refrigeration (5-m ile 121 000 16' 149000 14' 168 000 11' 177 000Installation 234 000 32' 265 000 26' 317 000 21' 420 000 19'Annual capitalized expenses 82 300 11' 111 200 10' 143 000 178 000

The FPC report15 summarizes that "
expectations of greatly reduced

costs per MVA-mile for , and 
tent for the resistive cryogenic , are
based on very large 
today, there would be few 
ings in the 3, 500 MV A to la, 000 MV A 
these systems is , of course, not available on to day s requirements for
lines with capacities of 1 , 000 to 1 500 MVA.

Relative Costs of Electric 
Compared With 

From , we have assembled a
summary of installation 

The data of 4 are used 

Figure X- , which compares capital costs for hydrogen, natural gas, and
hydrogen transmission systems. , there
is a wide range 

depending on the source , but they are always considerably

above the cost of overhead transmis 
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Figure X- 5 also shows an 

conducting line. 

intercept on the zero-distance axis corresponds to 
former stations , one at each 
the estimate ll has , and the 

345-kV transformers 

Distribution Requirements

Electric distribution" is normally 

levels below 138 , 000 V are 
many cities 
thetic and reliability reasons. 
lower 
transmission lines.



The problem of the , or transformer station, has

already been , further stepdown

transformers are required, and , present a problem 

Storage Requirements

General 

Perhaps the greatest problem 
need for storage of 

without significant storage 
maximum 
kept running at 

vision of adequate storage 
generators, would provide a , and would

enable costs to be reduced.

Large-Scale Batteries

No large-scale battery 
purposes in 
teries is far too high. 
identified in the "Electric Utilities , "S which states that

significant research , corrosion, in-

complete discharge, large voltage drops, and 
state- of -the -art is 

cost figures are not readily available, but the 

demonstration plant by the early 

announced8 a 

1971 , for the construction of a 

ibility of the 

Pumped Hydroelectric Power 

1 ) General

Pumped hydroelectric storage, or pumped 
referred to, has 

system now in use in 
At 3600 , pumped-storage 

about 
to increase to approximately 2% in 1990.



Pumped-storage systems are 

of the hydroelectric generation 
struction procedures used in 
largest turbine- generator units are 

as opposed 

This points up the 
pumped- storage turbine- generators: These 
be operable in reverse, that is as , and the operating 

ciencies must 
the overall storage 

product of motor , pump, turbine, and generator 

system losses such 
in the upper reservoir.

Comparatively, the 
are rather high, achieving 

Thus the expression Two 

The general 
Two reservoirs, a lower and an upper one, are connected via 
or "penstocks II at the 
generator units. 

usual ancillary 
operating equipment.

shutoff valves 
material out of 

In the , when energy , electrical 

transmitted from 
motors turning , which 

lower reservoir 

power usage periods , this potential 

trical 
plished with the turbine- generators operating in their 

hydroelectric mode " that is, as true 

Pumped-storage facilities are 
level generated during the " discharge" mode. 
noted was the l800-MW plant at Ludington, Michigan. 
be described in detail later. 

facility, a 



developed for a given , a 

(in kWhr) will normally characterize 
case of a , the turbine- generators can be

run "full out" for a 
ating level limits. typical period might be 
where there is a , or one 

fed by a river, the defined.

The siting of pumped-storage plants is constrained in a very basic
way by 
for two reservoirs with 

reservoirs are , installation costs

will be 
for one or , or both requirements. 

must be 

tight.

These siting 
tially available for , for example

to see how a 
or in the 
there are high topped mountains adjacent to a 

water to serve as , we have a 

pumped storage. A measure 

plant to the 
transmission from 
s e Ie 

Another facet of the siting 
conservational criteria 

Outside of the need for large- , and the subsequent 

placement of , environmentalists should view

pumped-storage plants favorably.

The usual atmospheric and thermal rejection 
with fossil 



Nevertheles s, pumped- storage 
environmental action groups. 

facility of the , New 

Years of 
City have taken place because various 
area of scenic beauty 

Actually, the most 
facility is that fossil- fUeled plants in and near New York will be used 
pump the reservoir 
points out that the 
every kilowatt 
that these fossil- fuel plants will be putting out "

... 

into the City' s heavily polluted 
air pollution standpoint, 

eral 
decrease considerably 

The above indicates the 
energy storage components, incomplete in themselves , in the overall 
system servicing a s load centers via transmis 

ation stations. 

carrying power to and from , and 

to be used to provide , in any net 

storage facility.

2 ) Ludington Pumped Storage 
Impressive Case- in-Point

An aerial s largest 

completion on the shore 'of Lake Michigan near Ludington, Michigan, is
shown in Figure X- 

Power Company 

and will provide a major 
Additionally, the 

to purchase approximately one- third the storage 
for a period 
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We visited the hand
impressions of 
summary of information 
the Consumers 

The Ludington facility is 
property about 3 miles , Michigan, and was 

planning stage for about 12 years. 

pumped-storage approach, and the timing for , through

a detailed 

ilar capital 

pose of , a fossil- fuel steam generation 

one not of , a low 

efficiency, high fuel cost 
From an overall , pumped , and

work then proceeded at 

As Figure X- 6 shows , the facility 
for its lower reservoir. 
of a 2- 1/4-mile- long "pond" comprised of a 
aging 108 ft in 

1/2 miles in 
upon which the reservoir 

(Figure X- , the dike was 

liner of asphalt, clay, and waterproof 

The powerhouse near 

photograph, being connected to 
-penstocks. These generators within, each
rated at 312 

in the world. 
Although 

pumps operate at a 
two reservoirs - a 

go. For example, in an advertisement in 

Scientific American, Hitachi OOO-hp (256-MW) single
stage reversible with the world' s highest 

of 1797 feet! 



Figure X- 7 is a pictorial 

features of the Ludington 

reservoir, with , is

shown in the upper generators at 
are connected by 28 ft diameter penstocks , which run 
1300 ft 

Note on the right-hand side of Figure X- 7 that the operating head
ranges from 
electrical 
ft. , that is, with 

carrying full , 300, 000

kWhr for the 

The small figure at 7 represents the fluc-
tuations in the upper reservoir level , assuming 

is being rise in the curve signifies , of

course, the motor-pump or " charging" mode , which would
normally take 
iods of Il off-peak" power availability. , the

reservoir 
over the operating week, reaching 

voir on Friday 

power from 

the original reservoir 
is to be 

Altogether, the Ludington 
accomplishment. In 
cubic yards) and water flow rates 

River at 
we observed is that pumps are 

forced concrete 85 ft thick.

What about costs for 
estimated to cost approximately $ 
$ 182 /kW 

this is in the range of fossil-fuel steam generation 

to pumped- storage in the 
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generate power for 

added some allocation of the s transmis sion 

to feed Ludington generation to 

link for " chargingll the 
later.

The capital cost of this plant, on an energy-capacity basis , is $ 
kWhr or 

capital costs of 
liquids ($ 
($0. 008 and $0. 003/1000 Btu). 

In a way, 
the stored energy in an electrical form. Nevertheless, if peak 

for energy are required, for example, as for heating and other purposes

where fuels , even

as liquid hydrogen, is very 

electric storage.

Another notable comparison 
this, the largest 
peakshaving tank of 

Pumped-storage units are 
associated with gas storage projects. 

capable of serving on a seasonal basis , whereas pumped 

systems normally serve to 

Following our inspection of 
Power s system 

pumped storage. 

the cost of not having 

(We recognize that there one but many 
generally distributed load represented , villages, and

farms.) Here 
straints associated with 
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Figure X- 8 shows the Michigan s transmission system as

existing and under 
the central western kV circuits 
from Ludington, two double three-wire , are

under construction primarily to 
electrical 

In discussing the question of "Ludington-associated" transmission
with Consumers Power s representatives we 
the utility , when 

tional transmission circuits , it considers overall 

downstream trends as derived produced " scenarios " of
projected requirements. Thus, for example , the kV circuit
leading from 
of the state is required 

quirements of upper 
counted as additional cost 

When consulting the company s system planners, we noted 

circuits leading 

with an asterisk in Figure X- 8) as being those which could essentially
be directly as 
tem. 
kV transmission which, at an estimated $150, OOO/mile total costs, amounts
to an 5 million. Based on Ludington

1872 - MW output, this is about $ 

Thus the total installation 
plant and its associated transmission 

What has been emphasized here is in-point example
of what is involved in a large 

facility. The Ludington plant, the largest in the world, is a result of

an overall utility , such

as fossil-fuel generation plants , were 
approaches. Economics , particularly

for strict constraints 

facility. In , the Ludington 

potential sites for 



Michigan Power 
(Showing 

--- ---

Canada

Lake

Michigan

U:.

. --------

1--

Indiana Ohi 0

"--- --

':' Transmission associated directly 
of Ludington plant totaling 250 miles of single-
circuit 000/mi
and 1872 MW , this is $ 

A - 62 - 613

Figure X- TRANSMISSION SYSTEM ASSOCIATED
WITH PUMPED 



farther north, has already been

projected 
3 times Ludington s capacity.

acquired by 
one rated at as over

We emphasize that the attractiveness, 
pumped storage, is a function of 
tion. For each 

will be variable and dependent on 

primary consideration, but the time period under 
also. As 

the escalation in labor costs have a 
labor- intensive undertaking as 

In summary, 
based as it is 

The storage efficiency , particularly so

since heat-engine cycles, which have 

are avoided in 

and mechanical 
and these are normally very 
the very feasibility of 
of the countryside within which the electrical 

the storage capability 

Peakshaving Generators

One way of relieving the 
construct peaks having 

truly a storage system, but 

fuel for the 
peakshavers, because they are only used , are

built to optimize 
efficiency and reliability. 

for this purpose. 
power stations, not on unique , because

they are too 



Dispersed Generation

If it is 
premises, the importance of 
and distribution system is 
eliminate 
coping with peak loads onto the fuel , which 

to cope with it.

Small local electric 
unreliable, and 
long been considered for such use; 

The , supported by 

of bringing a gas- fueled local generator 
Edison Electric 
achieve substantially ultimately developing fuel

cells capable of providing large 

sites. This program is a 12-month 

Whitney Aircraft. 

A recent paper from Pratt lO indicates that fuel cells of

about 20-MW capacity would be ideally 
presumably to carry some base- load capability also. 

lined by the Electric continued research on

the concept for use at 20 MWl level. 

search is needed on various electrolytes, cell 

concept to present systems, and 

with continual fuel supply or similar to pumped-storage-hydro with hydrogen
produced from water electrolysis). 

The last , of course specifically
interesting in conjunction with a 

Central Electricity Generating 
some years ago and ruled 
cost of the gas storage facilities. 

cause of 
If a 
capacity for " reversible " fuel cell stations, the economics 

energy storage system might change 



Electric Vehicles

About 
transportation. Almost all 
seems little 
of the great weight of 
ever, in electric vehicles, both road and rail, and in 
boats. The s R&D plans 5 call for the 

electric transportation 

port states

, "

A primary 
density transportable 
the doubling of energy- density capability of existing battery 
1975, 80- 100 Whr/lb systems by 1980, and 150-200 Whr/lb systems

by 
Reaching these 

since present lead-acid traction batteries 

Another, usually ignored, problem 
propelled electric 
adequate charging facilities. The 

vehicle battery very rapidly - 

and require very heavy-duty circuits , transformer-rectifiers, etc. When

a gasoline automobile is , energy 

transferred at a rate pump gasoline station
thus has a power 
stations on this scale is 

a generating station at 
from a , both of which would be 

indeed. driving style" are mandatory 
vehicle concept. Similar 
refueling" trucks and 

other hand, electric vehicles for , which ran over

tracks or fed from , were 

gasoline and diesel buses chemica1"
fuel has a great fuel. 



Synthetic Chemical Fuels

Rather than hydrogen as a fuel, we can 
chemical fuels, which 
to the use of air and water as , we can 

sideration to , either

from , then methanol

might be 
fe 

An 
products; thus their 
against these disadvantages. In addition, since they all, with the excep-
tion of , require hydrogen as an 

duction, they will 
hydrogen itself.

Although ammonia is , it is a

highly dangerous material because 

therefore, , if pos-

sible. 
will have to be considerably modified 

rosive to copper and brass, which would 

present gas equipment.

Ammonia has been 
engines , but better results are obtained 
hydrogen and nitrogen is 

Ammonia can be dissociated to 
a catalyst. The developed. Further in-
vestigation is necessary 
and what the effects of this 

Methanol is a 

to today s hydrocarbon fuels. , a supply 

bon is 

devised, methanol would 
trial cooking 

to be developed.



Methanol has been used apparently without complication 
engine and a gas-turbine fuel. 

quality control problems 
has been used as a fuel , either directly or by 

hydrogen. 
methanol would be justified 
a synthetic fuel. 

the above remarks 

fuel for combustion.

highly explosive and highly toxic fuel used for rockets.

it is safe to handle, but 

Hydrazine has been used successfully as a fuel 

Hydrazine is a
In water solutions

fuel, and 
properties of hydrazine, however, make 

public 

Metals can be reduced thermally or 

stations and delivered to the user 

is released by , it will be 

oxide and return it to 

tion problem 

Imported Fuels

An Il easy" alternative to developing our 

energy sources is to energy
gap. II , we 

global fuel reserves, assuming , and even then we

observed an overall fuel 100 years time.

However, serious concern 
and economic implications of increasing our 
9010 of the residual oil used 
crude oil and 
point. As , we are concerned 

our own balance 

East countries, with the implied , between

now and 1980, the U. 

taxes and royalties to , an amount 

the combined monetary reserves 



the U. , the United Kingdom, and the European 

This type of concern S. to develop 

energy resources at any cost; a part in 
coal, shale, and other resources 
run, we renewable ll resources, 

as nuclear fusion and solar energy.
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XI. RECOMMENDATIONS

Introduction

Our study 
obstacle appears to putting a 
the contrary, us s technology, it would 
and operate all 
miss ion, distribution, and 

efficiency, and some concern for 
especially in the distribution area. 
energy underground to the average user should be 

comparable with today s costs of delivered electricity.

Some technical, economic, and safety questions exist, however,
which cannot be answered Res earch 

or to improve The res earch that we
are recommending 

the safety, or 

Recognizing that the trans ition 
we have given priority 
will as 
res ults are 

A shorter term 
foss il fuels 

petrochemical, metallurgical, and 
it over greater 
Thus certain problem areas relating to 
This aspect 

was 

pipelining
justified.
identified.

Decreasing the Cost oj Hydrogen

The items discussed under this 
already feasible technology with the objective of reducing its cost.

XI-



Production Cos 

From 

Electrolysis is currently used 
of electrolytic , so that there

is great incentive to increas 

a smaller 

amenable to reduction.

Current electrolyzer 
efficiency should be 
are to 
ground available from fuel cell 

electrical 
able objectives for res 
operating voltages (raising 
lowering the cos 
generation should be able to reduce 

s ys if acyclic generators The area of
electrolyzer 
industry support and one that requires term 
starting immediately. 
optimization study of an 

should be carried 

will best be done 

From 

Thermochemical water-splitting, 
directly to induce the step-by-step decomposition of water, is a 
area for res 
sponsorship (Project IU- 14) and should be continued as a long-range

project because it offers 
can be visualized at present. 
this stage as "prospecting " research - searching 

XI-



that is attractive 

a major pilot-s s coal

gasification program, can be 

Euratom work and 

From 
Solar energy is a 

future to develop 

heat, it will 
heat, except for pos 

Other concepts 
hydrogen as a secondary energy source that 
energy in an intermittent 
nology in this important area should 

From 

Broad cost 
and s 
cons ideration of an 

than nuclear sources. 
IS available today.

Transmission Costs

Long Dis 

Even 
suited to 

needed for detailed, optimized calculation for 
hydrogen pipeline would yield 
ratios and would 

needed. Once , new designs , for

example, for large axial flow and 
stage radial turbocompressors , can be examined.

XI-



Local

The prospects for using 
in a twin pipeline, as a 

to the electricity load center 
requires the efficient 
Since the economics of 
and the relative 
mission systems are 

will best be carried out by 

The poss ibility of liquid-hydrogen transmiss ion 
especially in the context of 

cryoresistive " cables for 

of combining it with electric 
more attractive for 
the past. 

industry independently, if 
There seems to 
early stage 

so far.

Storage Costs

Metal Hydrides

Metal hydrides offer a 

energy storage. 

laboratory scale in order 

accommodate hydrogen storage better 
reducing the heat load required to regenerate the 

under AEC sponsorship is 
this area would not be gas indus try, " it 
priority item for gas industry 

development facing the evolution propelled vehicle and so

should receIve support from 

Large - Scale Liquid- Hydrogen Storage

Large -s cale liquid-hydrogen facilities, 
are more 

XI-



as expens ve as they are. Engineering studies directed toward 
design of cheaper, very hydrogen tankage are a task

that should be undertaken. 
utilization of boil-off gases 

Distribution Costs

A compact, inexpensive meter to 

times today s levels is needed. Modifying existing meters 
possible, but in any case a 
higher capacity meter of 
that conversion is 

Utilization Cos 

Electricity Generation

Analys is of a fuel cell 

pure hydrogen and air 
technology directed toward 

appropriate or 

objective will be required. 
equipment manuiacturers.

Aircraft Fuels

The aircraft 
(wide-bodied) subsonic passenger transport 
this occurs, gas industry 

inevitable fuel logistics study that 

By-product Credits

A potential-market 
and value of product in hydrogen 

facture. As distance oxygen
pipeline transmis s 

XI-



Increasing the Safety of 

Production 

We make no 

Traasmiss ion 

A close 
carried out in conjunction with the NASA-funded effort hydrogen-

environment embrittlement." 

the 
hydrogen transmiss ion service. 

subject to possible 
This work is 

, and

requires close 
Storage Safety

A study to determine the feasibility of 
hydrogen in aquifers or depleted gas fields 
recommendations made then also relate 
no recommendations in this area.

Distribution Safety

Becaus e of the wide variety of 

tribution service 
the behavior of equipment and 
service are still areas 
be made of, for 

hydrogen pipes, 

gas will be hazardous, 

conditions. 
of the 
and s 
Thus, leakage characteristics of 
as pipe corrosion pits, and fractures, can be monitored and

existing leak detection 

strong need exists for 

hydrogen service to determine 
actual permeability and leakage rates in

XI-



the field, and to provide 
cable. The 

this experience 

Utilization Safety

The development and testing of 
for hydrogen are 

with catalytic burners 

Demonstrating the Feas Hydrogen Economy

Production, Transmis s and Distribution

The work already carried 
system 
is an urgent need 

hydrogen is an impossibly dangerous material 

that the best 

sys tem, or series of systems, incorporating production, transmission,
and, ill particular, utilization 
to such people as -

Government and regulatory 

Potential us 
repres entatives, commercial 
domes tic 

Potential 

In addition, us 

would expos 
trouble- free service in 
invaluable to the 

We feel that 
a natural follow- up fron1 the 
A future , similar

to those documents already , but tailored

for gas industry personnel requirements. 
basic inform.ation on hydrogen 

XI-
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manual.) Also, at a , public relations and 

such as movies and 
At present there is a need hydrogen-energy story

in the gas industry s promotional materials on ways 
A comprehensive survey , in particular, local codes should

be undertaken as soon as 

enough to ensure 

be done until more 
system.

There is 
scale, of a complete 

hydrogen by the public. study of such a pilot 
at a later date to lay out plans and determine 
As part of 
using hydrogen as an intermediate 
electricity 
usmg a 

be bes In each 
large-scale electrolytic 
purchased from existing 

Storage

Underground storage in 

possible. A 
for the conversion of an 

hydrogen service 
provide better confidence in 

The second phase would be to actually 
hydrogen operation in order 

experience and to expose problems.

Utilization

A brief 
burners to determine practical 
service will be 

XI-



inexpensive and reliable catalysts 
is a long- term research 
would be of industry-wide importance. 
novel types of appliances, possibly unflued, for both 
flame-type burners should 
experience with unflued appliances and their 
is available for promotional 

Conclus ions

In conclusion, let it 
action program 
it should 

hydrogen-energy concept over the next 

Figure XI- is an 

we feel 
initiated 

Figure XI- l should not be regarded as 
program, for it 
time. 
a "model city" or a 
10 - 15 years from now and, in the interim, 
constructing hydrogen-energy storage 
gration with both the existing gas 
plan will also allow the commodity
hydrogen, " i. e., for , with

pipeline delivery; will allow 
industry s new product, oxygen; and will 
expanding the new (hydrogen) gas industry s sales markets into vehicle
and aircraft fuels.
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